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Abstract 
 
 
The theme of my PhD has been to investigate the global shape and size of coronal mass 
ejections, or CMEs, as they propagate from the Sun towards the Earth. CMEs are large 
eruptive events originating from previously magnetically confined structures in the solar 
atmosphere. These phenomena are the single biggest drivers for geomagnetic 
disturbances at Earth. My research is focused on analysing spacecraft data obtained both 
by imaging observations and in situ instrumentation. The three pieces of work presented 
in this thesis are summarised below: 
 
Using the NASA STEREO mission, launched in 2006, I have analysed data from the 
Heliospheric Imager (HI) instruments. This new instrument is uniquely positioned to 
observe CMEs as they propagate away from the Sun into the inner heliosphere between 
0.1 and 1 AU. Using this data I have been able to estimate the radial expansion of a 
single CME as it propagates in the inner heliosphere. 
 
Investigating another case study event seen by STEREO-B in November 2007, I have 
been able to show that the distortion of a CME can be directly attributed to a structured 
solar wind. By using a 3D MHD simulation of the solar wind in the vicinity of the 
CME, it has been shown that a bimodal velocity structure within this solar wind was 
driving the CME from behind and distorting it from a circular to a concave morphology. 
 
Using in situ data, I have also attempted to deduce the shape of CMEs in the inner 
heliosphere. To do this I analysed the shock wave driven ahead of the propagating 
CME, applying a technique previously used to predict the distance of the shock 
upstream of Earth’s magnetosphere - this distance can be predicted when the object’s 
shape (Earth) is known. I have carried out a statistical survey of many CMEs over a 
range of distances from the Sun, and compared them to theoretical predictions of their 
shape based on geometry.   
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 1. The Sun and the heliosphere 
 
 
 
Chapter 1 
 
The Sun and the heliosphere 
 
 
 
Over the last 50 years scientists have not only been able to send man to the moon and  
probes to orbit Earth, but have also been able to send a spacecraft out of the plane of the 
rotating planets in our solar system (Ulysses) and even a probe out to the edges of our 
solar system (Voyager). Our relentless curiosity and aspirations to explore the „final 
frontier‟, to understanding life and their drivers, brings mankind back to the single most 
influential source of energy for life – the Sun.  
 
This thesis will look at particular explosive phenomena that occur above the Suns 
surface called coronal mass ejections (CMEs). These massive solar storms are often 
violently expelled into space, and if directed towards Earth can have devastating affects. 
Due to the variability and size of these complex storms it has been difficult to predict 
their arrival at Earth. The work presented here will try to improve our predictive 
capabilities by investigating the morphological evolution of these solar storms. 
 
This thesis will predominately concentrate on data being provided by spacecraft 
between the Sun and the Earth (a distance of 1 AU), using in-situ measurements and 
remote sensing from ACE, Helios, WIND, STEREO, Venus Express (VEX) and 
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 1. The Sun and the heliosphere 
Ulysses. We begin with an introductory review of the heliosphere by starting at the Sun 
and working outwards into space. This is then followed, in chapter 2, by an in-depth 
analysis of our current understandings for the origin and evolution of coronal mass 
ejections (CMEs). 
 
 
 
 
1.1 Internal solar structure  
 
The sun has a mass of approximately 2 × 10
30
 kg and a radius of 7 × 10
5
 km, but does 
not have a uniform density throughout. Its internal structure can be defined by three 
different processes; the core, radiation zone and convective zone: The core is at the 
centre of the Sun, and is the location for nuclear fusion, converting hydrogen into 
helium. The energy is released in the form of photons during this process and 
propagates outwards towards the radiation zone. The radiation zone extends from the 
core to approximately 75% of the Sun‟s radius and transports the energy by emitting 
and re-absorbing the photons. Once the energy enters the convective zone the dominant 
mode of energy transport to the surface is by convection [e.g. Priest, 1995]. 
 
Because of the fluid nature of the internal structure of the Sun it does not act as a rigid 
body, and as such, its rotation period is dependent on the latitude; which is to say, the 
time taken for the Sun to make one complete revolution depends on the proximity to the 
Sun‟s equator [e.g. Cravens, 1997]. The Sun‟s equatorial regions rotate with a period of 
approximately 25 days, or 27 days as seen on Earth, with a rotation axis orientated at 
83 to the ecliptic (the plane that contains both the Earth‟s orbit and the Sun). 
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 1. The Sun and the heliosphere 
1.2 Solar surface and atmosphere  
 
The visible surface of the Sun is called the photosphere and lies above the convective 
zone. It is approximately 500km thick and is regarded as the solar surface. Remote 
observations from the SOHO and Hinode spacecraft provide insight into the structure of 
this layer. The solar surface behaves as a blackbody at a temperature of about 5800K; 
the surface has a fluid behaviour and is neither uniform nor static. 
 
The surface is often dotted with cooler, darker regions called sunspots (see section 1.4.3 
for more details). These are regions of enhanced magnetic field that inhibit the 
convective motion of the fluid, thereby cooling the localised region. Outside of 
sunspots, granules on the photosphere may be observed. The convective cells inside the 
convective zone are thought to be the process for granulating the surface [e.g. Schrijver 
and Zwaan, 2000; Harrison, 2008]. 
 
The photosphere can be thought of as the boundary between the plasma-driven solar 
interior and the more tenuous solar atmosphere. As the magnetic fields thread through 
the atmosphere the magnetic effects become more significant as the plasma density 
decreases rapidly. Broadly speaking the atmosphere can be divided into two regions: the 
chromosphere and the corona. The chromosphere is a relatively thin and cool region that 
can be seen as a pinkish layer surrounding the moon during a total eclipse. The corona 
above is more tenuous but much hotter (2 x 10
6
 K). Between the chromosphere and the 
corona, the temperature increases rapidly with increasing height from about 6000K to 
approximately 10
6
K in the sparsely populated corona. The physical processes to explain 
this coronal heating remains a source of debate [e.g. Schrijver et al., 1998; Solanki et 
al., 2003; Wedemeyer-Bohm et al., 2009]. 
 
There are two significant types of structure in the corona that can be seen in the Extreme 
UV range: dark and bright regions. The apparent brightness of coronal features is 
dependent upon the local magnetic field configuration which affects the local plasma 
density, thereby affecting photon scattering. The dark regions, also called coronal holes, 
are regions of „open‟ magnetic field [Wang, 2009] - here the plasma, being constrained 
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to follow magnetic field lines, is able to escape into space. The bright regions, also 
known as active regions, are a location of field lines that loop back to the Sun- thereby 
constraining the plasma and increasing the density [e.g. Priest, 1995].  
 
Above the photosphere there are some structures that appear to be suspended in the 
atmosphere. Large sheets of cool, dense plasma appear as dark lines on the solar disc in 
H pictures, due to their absorption of photospheric photons, these are referred to as 
filaments. But these filaments are brighter than their surrounding plasma in the 
chromosphere and if seen on the limb of the Sun, they appear as bright features called 
prominences. Figure 1.1 illustrates a model for suspending this material above the 
photosphere by trapping it with looped magnetic fields. Should the balance between the 
magnetic and gravitational forces become unstable, the structure can violently erupt, 
thereby providing a mechanism for creating a coronal mass ejection. 
 
 
 
Figure 1.1. Illustration of how the magnetic topology may trap plasma above the solar 
surface [Pneuman, 1983]. 
 
 
  21 
 
 
 1. The Sun and the heliosphere 
1.3 Space plasma physics 
 
When investigating the properties and motions of a plasma, one can broadly consider 
two domains. The first is on small scales in which each individual particle motion is 
analysed and an investigation carried out on how each particle interacts which each and 
every other. The other domain, Magnetohydrodynamics (MHD), involves a much larger 
scale in comparison to the particle cyclotron period and radius. Here, an approximation 
may be made on the „collective‟ motions of the plasma by treating the situation as a 
fluid. But because the electric and magnetic fields in a plasma are important, Maxwell‟s 
equations must be included in the equations of fluid hydrodynamics [Kivelson, 1995]. 
 
 
 
1.3.1 Single particle motion 
 
A charged particle in the presence of an Electric field, E, and a magnetic field, B, will 
experience a force that is proportional to its charge, q. This force is referred to as the 
Lorentz force, FL, and follows equation 1.1 
 
                                                         BvEFL  q      .                                      (1.1) 
 
Here the velocity of the particle is described by v. In practice the motion of the charged 
particle itself changes the force fields acting upon it according to Maxwell‟s equations 
(see section 1.3.2) - thereby complicating the explicit determination of the E and B. 
 
On inspection of the Lorentz force, it can be shown that in the absence of an external 
electric field, a particle is free to move parallel to a magnetic field without experiencing 
a force. If a particle possesses a velocity component perpendicular to the magnetic field 
(v), it will gyrate about the B field direction, with a cyclotron frequency given by 
 
                                                            
m
q
c
B
        .                                              (1.2) 
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In addition, the radius of the cyclotron motion (c) can be calculated using the particle‟s 
field-perpendicular speed (v) 
                                                             
Bq
mv
c
           .                                         (1.3) 
 
Here the mass of the particle is described by m. This scenario leads to a helical motion 
for particles that have both a field-perpendicular gyration as well as a non-zero velocity 
component in the field-parallel direction. Equation 1.3 shows that the motion of charged 
particles is dependent on mass, velocity and charge. Since the mass and charge are 
different for electrons and positive ions it is clear that Ωelectron >> ion, c electron << c ion, 
and that they gyrate in opposite senses around the direction of the magnetic field. This 
is illustrated in figure 1.2. 
 
 
Figure 1.2. Schematic illustrating the motion of electrons and ions (charge e) in the 
presence of uniform magnetic and electric fields. In this example these fields are 
perpendicular to each other. The guiding centre drift speed (vD) is denoted as „u‟. Figure 
taken from Kivelson [1995]. 
 
 
 
1.3.2 Ideal Magnetohydrodynadmics 
 
Looking at scales much larger than those found for individual particle motion for both 
spatial (cyclotron radius) and temporal (cyclotron period) scales, it is possible to 
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consider the plasma as a magnetised fluid. In most scenarios of plasma interactions that 
can be replicated in laboratory conditions, collisions are an important interaction 
between particles. However, collisions are rare for plasmas in space due to their low 
densities [Cravens, 1997]. Such plasmas are described as collisionless, and under this 
approximation the particles only interact via electric and magnetic fields.  
 
To describe collisionless plasmas a simplified form of MHD may be employed, known 
as ideal MHD.  Under the ideal MHD formulism the plasma is assumed to be a perfect 
conductor, thereby simplifying Maxwell‟s equations into 
 
                                                               0.  B                                                        (1.4) 
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
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B
E             ,                                      (1.7) 
 
where B and E are the magnetic and electric fields respectively, 0 is the permeability 
of free space, c is the speed of light in free space, j is the current density,  is the charge 
density and 0 is the permittivity of free space. In the MHD limit Ampere‟s law 
(equation 1.5) can be simplified by dropping the time dependent electric field. Poisson‟s 
equation (equation 1.6) cannot be simplified because both sides are equally small.  
 
By beginning with Ohm‟s law,  
                                                         BuEj            ,                                    (1.8) 
where  is the electrical conductivity and u is the bulk velocity of the plasma. It is 
possible to eliminate both the electric field and the current density from Ampere‟s and 
Faraday‟s (equation 1.7) law, to give the induction equation: 
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                                                BBu
B 2



t
                                        (1.9) 
 
where  is the diffusivity of the plasma (i.e. 1/). The two terms on the right of this 
equation describe the convection and diffusion of the plasma with respect to the 
magnetic field. The ratio of these terms is referred to as the magnetic Reynolds number. 
 
 
 
1.3.3 Frozen in flux 
 
The property of “freezing” the plasma and magnetic fields together is an important 
consequence of the plasma being collisionless and infinitely conducting; i.e. from 
equation 1.8 
                                                           BuE                   .                                 (1.10) 
Deriving this property mathematically begins with considering the total magnetic flux, 
 through a surface, S 
 
                                                           SB d
s
.                .                                  (1.11) 
 
If the surface is bounded by the curve L then dS can be converted to equal (u × dL).dt. 
Then with the chain rule, using the triple scalar product identity and Stoke‟s theorem we 
generate 
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By introducing Faraday‟s law (equation 1.7) and equation 1.10, we conclude 
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
dt
d
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This solution states that the magnetic flux through a surface that follows the plasma 
remains constant with time. That is to say, the magnetic flux is „frozen in‟ to the fluid. 
A consequence of this behaviour is that the magnetic field effectively isolates 
neighbouring plasma parcels from each other, such that under these conditions mixing 
of multiple populations cannot occur. 
 
 
 
1.3.4 Flux ropes – force free fields  
 
When forces due to the magnetic field pressure are much stronger than those from the 
particle pressure and from gravity then the plasma behaviour becomes simpler to predict 
[Baumjohann and Treumann, 1996]. This occurs in areas such as the solar corona where 
large loop-like structures are formed. 
 
Starting with the momentum equation from MHD we find 
                                          p
t









gBjuu
u
              ,                (1.14) 
 
where  is the mass density and g is the acceleration due to gravity. The jB is 
generated from the magnetic force on a plasma in MHD. In space plasmas it is often 
useful to compare whether the motion of the fluid is being dominated by the magnetic 
pressure or the plasma pressure. This is done through the ratio known as the plasma 
beta, 
                                                          2
02
B
Pp
                 ;                                  (1.15) 
 
here, Pp is the plasma pressure. When  << 1, i.e. low plasma beta, the plasma is being 
dominated by the magnetic field. If we consider a parcel in magnetostatic equilibrium 
(force balanced) and with a low plasma beta, then the momentum equation reduces to:  
  
                                                               0Bj                   .                                  (1.16) 
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This force-free approximation therefore states that all currents are field aligned, such 
that 
                                                                Bj                            ,                           (1.17) 
 
where  is a scalar function of the radial distance, r, and time. If we then combine the 
above equation with an approximation to Ampere‟s law (equation 1.5) we can generate 
the Helmholtz solution.  
 
                                                              022  B                .                           (1.18) 
 
The solutions to this equation can be used to create models for coronal arcades and 
magnetic flux ropes. If the plasma beta is low but is not in force-free balance, then by 
using Ampere‟s law the magnetic force can be described by 
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This equation provides a useful concept for understanding the evolution of CMEs as 
they travel away for the Sun. The two terms on the right of equation 1.19 are often 
referred to as the curvature (tension) force, on the left; and the magnetic pressure 
gradient on the right.  
 
The magnetic pressure concept is analogous to the hydrodynamic force given by the 
negative gradient of pressure. It acts from high to low pressure in the same manner as in 
gaseous fluids. 
 
The other term has two components: the first is considering parallel to the magnetic 
field direction, which cancels the magnetic pressure gradient in the same direction (i.e. 
the pressure gradient acts only perpendicular to the field). The second is perpendicular 
to the magnetic field and acts to reduce the curvature of the field lines. 
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1.4 The heliosphere 
 
The Sun‟s influence beyond its physical presence is far reaching and affects planets, 
comets, dust particles and cosmic rays. This influence is achieved by the presence of a 
solar wind that perpetually propagates away from the Sun into interplanetary space. The 
solar wind is a continuous flow of ionized solar plasma and has an extension of the 
Sun‟s magnetic field embedded within it. The flow is a result of the gradient between 
the high pressure in the solar corona and the much lower pressure in the interstellar 
medium. Within the heliosphere lie CMEs that form transient disturbances within the 
continuous solar wind. 
 
In this section a theoretical approach to the flow velocity and magnetic field 
configuration is described. A comparison of historical observations of solar activity and 
its consequences in interplanetary space is also made 
 
 
 
1.4.1 Parker solar wind solution 
 
In 1958, E. N. Parker [Parker, 1958] provided an idealised theoretical basis for the 
present-day understanding of the solar wind. This work simplified the scenario by 
assuming a purely radial flow that was constant in temperature. He also neglected 
magnetic effects and concentrated on the consequences of balancing the plasma 
pressure between the Sun and the interstellar medium (ISM). By considering the mass 
(equation 1.20) and momentum (equation 1.21) continuity equations,  
 
                                                              Cur 
24                                                 (1.20) 
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where  is the mass density, u is the radial speed, r is the radial distance, P is the 
pressure, G is the gravitational constant, Ms is the solar mass and C is a constant, Parker 
was able to deduce the speed variation of the plasma with radial distance at any given 
temperature as 
                                          2
2 412
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mr
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um
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u B 

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


         .                     (1.22) 
Here, kB is the Boltzmann constant and T is the temperature. Equation (1.22) has 4 sets 
of solutions that can be seen in left panel of figure 1.3.  
 
Figure 1.3 Solar wind solutions from Parker‟s formulism [1958]. Left panel: The flow 
speed (as a fraction of the sound speed) as a function of heliocentric distance (in units of 
the critical radius at which the flow becomes supersonic). The four mathematical 
solutions are displayed with class 2 indicating the solar wind solution. Figure taken 
from Hundhausen [1972]. Right panel: shows solar wind flow speed as a function of 
distance for seven different initial temperatures. Figure taken from Hundhausen [1995]. 
 
 
Solutions 3 & 4 are regarded as unphysical on the grounds that they imply very large 
radial speeds near the solar surface - these are not observed. Solution 1 predicts the solar 
wind speed approaches zero as the radial distance tends to infinity. This implies the 
solar wind becomes static and thereby preventing a pressure balance with the ISM. 
Therefore this solution is also unphysical and sometimes referred to as the solar breeze. 
This leaves solution 2 as the remaining physical solution; it predicts a supersonic flow 
at large radial distances that was later confirmed by in situ spacecraft observations. The 
right panel of figure 1.3 shows how the speed of the solar wind varies with temperature. 
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1.4.2 Parker magnetic spiral 
 
The solar wind plasma is collisionless and as a consequence we can invoke the principle 
of frozen-in flux that states that the magnetic field lines and the plasma are both 
required to follow each other. Although the solar wind plasma  is variable, it is of the 
order of 1; thus the plasma is partially in control of the dynamics of the system. As a 
result the Sun‟s magnetic field is carried out with the expansion of the corona into the 
heliosphere due to a pressure gradient. The plasma‟s motion is in the radial direction, 
but the footpoints of the magnetic field lines remain rooted to the photoshere, which 
rotates around with the Sun. For this reason, the interplanetary magnetic field (IMF) 
forms a spiral pattern known as the Parker spiral – this is illustrated in figure 1.4. As the 
solar wind flows further from the Sun, the IMF becomes increasingly „wound up‟, and 
thereby increases the angle between the predominant field direction and the radial 
direction. This angle is typically about 45 at Earth. Parker‟s solution assumes only the 
presence of radial flow, other more advanced models have relaxed this assumption by 
allowing effects such as differential rotation and latitudinal flows [e.g. Fisk, 1996].  
 
 
Figure 1.4. Schematic illustrating the Parker spiral structure of the IMF. The black 
arrows show the direction of the solar wind flow and the black curves show the IMF 
field lines. Figure taken from Hundhausen [1995]. 
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1.4.3 Solar activity and the solar cycle 
 
The existence of sunspots on the Sun was recorded as early as the fourth century B.C. 
[Priest, 1995]. Their locations on surface of the Sun can be found in figure 1.5. They are 
locally cool areas found on the photosphere of the Sun with an approximate size of 
~20,000 km. Sunspots usually appear in groups, are associated with active regions in the 
overlying chromosphere and have an enhanced magnetic field strength of ~0.1T. This 
local field strength is about 1000 times stronger than the average surrounding 
photospheric field. The observational discovery of magnetic fields in sunspots was 
made by George Ellery Hale [Hale, 1908]. 
 
 
Figure 1.5. The butterfly diagram displaying the location of sunspots in heliolatitude as 
a function of time. Top panel: The butterfly diagram as first published by Maunder 
[1904]. Bottom panel: A modern butterfly diagram for the most current solar cycles 
over the same duration. The colour code indicates the area of sunspots. Figure taken 
from Balogh and Thompson [2009] courtesy of David Hathaway, NASA/MSFC.  
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The field in a sunspot group may be unipolar, bipolar or more complex [Cravens, 1997]. 
They mainly appear in two latitude zones on either side of the equator, and can last for 
up to 100 days. The number of sunspots varies with a cycle of about 11 years (figure 
1.6); they often occur in pairs of opposite magnetic polarity that migrate from high 
latitudes at the start of a cycle to low latitudes (displayed in figure 1.5). The sunspot 
count has historically been used as an indicator of solar activity.  
 
 
 
Figure 1.6. Historical record of sunspot activity up until 1989. The value recorded is the 
13-month smoothed number. Taken from Gorney [1990] 
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At periods close to solar minimum the magnetic structure of the Sun can be described in 
terms of a simple dipole whose magnetic axis is close to that of the rotation axis. Here, 
the „open field‟ lines within the dark coronal holes are found over the polar regions of 
the Sun. Near the equator where the magnetic field lines are closed are regions of 
denser, hence brighter trapped plasma. Above these arcades, in the upper corona, reside 
helmet streamers that mark the neutral line between fields of opposite polarity 
emanating from the poles. The neutral line extends out to interplanetary space forming 
the heliospheric current sheet (HCS). Therefore under solar minimum conditions the 
neutral line is tilted close to the ecliptic plane. 
 
This basic configuration of the magnetic field at solar minimum (see figure 1.7a) leads 
to uniform fast solar wind originating from the poles of the Sun, and a transition to the 
slow solar wind closer to the ecliptic; as was confirmed by in situ measurements in 1989 
using the Ulysses spacecraft [McComas et al., 1998].  
 
As the activity of the Sun increases the inclination of the HCS relative to the ecliptic 
plane is observed to increase, as illustrated in figure 1.7. In the heliosphere, the HCS is 
measurable with spacecraft by identifying a 180 change in the magnetic field direction 
at regular intervals. 
 
 
 
Figure 1.7. Schematic for the evolution of the solar corona over the sunspot cycle.  
Helmet Streamer above the Sun‟s surface are shown to vary over the solar cycle. (a) 
Solar minimum. (b) Intermediate. (c) Solar maximum. Adapted by Rees [2003] courtesy 
of S.T. Suess, , NASA Marshall Space Flight Center. 
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As the solar cycle reaches peak activity, there is little in the way of a global structure. 
The dominant pair of polar coronal holes is replaced by smaller localised coronal holes 
at all latitudes. As the solar cycle nears the end, the solar activity decreases and a new 
tilted dipole emerges once again. The polarity of the Sun is now opposite to the 
previous solar minimum, and the HCS is once again positioned close to the ecliptic 
plane. The entire solar cycle, if the polarity of the magnetic field is considered, has a 
period of 22 years. 
 
Figure 1.8. A schematic of a co-interacting region as seen looking down onto the solar 
equatorial plane. The blue curves indicate the presence slow solar wind with an 
unperturbed IMF. The red lines show the perturbed field lines from low latitude fast 
solar wind. Taken from Owens [2003], but originally from Pizzo [1978].  
 
 
Particularly during the minimum phase, the simple tilted dipolar description of the solar 
magnetic topology produces plasma travelling at different speeds from different source 
regions. As the Sun rotates, plasma from a fast solar wind source can become radially 
aligned with slow solar wind travelling ahead. This can lead to a recurrent pattern of 
compressed and rarefied solar wind called co-rotating interaction regions (CIRs) - 
illustrated in figure 1.8. As this structure propagates away from the Sun and evolves 
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with time it will show a rapid-rise and slow-decay in the velocity profile seen by a 
spacecraft at a fixed point in space. The fast wind catching up to the slow wind ahead 
compresses the plasma and therefore producing a ridge of high pressure that will act to 
stop the steepening. As the flow progresses further into the heliosphere, the steepening 
of the pressure gradient typically increases. This may then later form a shock front; a 
forward propagating shock which accelerates the slow solar wind ahead, and a reverse 
shock moving in the opposite direction and decelerating the fast stream behind. 
 
 
 
 
1.5 Transient structures within the heliosphere 
 
In addition to recurrent variations of the solar wind described earlier, which are 
understood to be spatial structures that rotate with the Sun, there are also sporadic 
changes in the solar wind properties that are true transient disturbances. Two significant 
disturbances of importance in this work are interplanetary shocks and the interplanetary 
manifestations of CMEs (ICMEs, see section 1.5.2 or chapter 2 for more details). An 
observer detecting a transiting shock wave would measure abrupt changes in the plasma 
speed, density, temperature and magnetic field strength [Hundhausen, 1995]. A shock 
front transfers momentum and energy to a widening section of solar-wind plasma as it 
overtakes the slower moving plasma ahead of it, thereby accelerating and heating the 
material.   
 
 
1.5.1 Interplanetary Shocks 
 
A shock wave is a phenomenon that enables a supersonic fluid to travel around an 
obstacle subsonically. The fluid undergoes an irreversible process of dissipation and 
dispersion [Burgess, 1995]. The majority of our perceptions for shock waves come from 
our every day experience of events such as explosive blasts or supersonic aircraft. For 
this scenario collisions of particles in an ordinary gas serve to transfer momentum and 
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energy. But for collisionless space plasmas, particles-particle coupling is less 
significant. Therefore, collisions are not the primary driver for these disturbances, and 
we must concern ourselves with the dynamics of wave-particle interaction. 
 
Collisionless shocks in the magnetised plasma of the solar wind have a thickness much 
smaller than the mean free path between collisions. As an interplanetary shock 
propagates away from the Sun it transfers momentum and energy to a widening region 
of plasma by sweeping up the slower wind ahead, and unless the energy is continuously 
replenished the shock must decelerate as it propagates into the heliosphere. A shock 
perturbs the interplanetary medium and manifests itself within in situ measurements as a 
discontinuous change in the flow speed, magnetic field strength and density. 
 
For standard collisional fluids the viscosity is the cause of heating, however for space 
plasmas an effective viscosity is introduced via a complex interplay of waves, 
instabilities and magnetic and electric fields. Traversing from upstream („unshocked‟ 
plasma) to downstream („shocked‟ plasma) maintains a number of conservation laws, 
called jump conditions, or otherwise known as MHD Rankine-Hugoniot relations 
[Burgess, 1995]. These relate conditions across the shock without the need to 
understand the kinetic behaviour within the shock: 
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Changes across the shock boundary are denoted by [X], where X is the physical 
parameter. The subscript t and n refer to the tangential and normal components to the 
shock front.  is the ratio of specific heats and all other variables are the same as 
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mentioned in the sections above. These equations are derived from the conservation of 
mass, momentum perpendicular and transverse to the hypothetical surface, magnetic 
field perpendicular to the surface, energy and tangential electric field. 
 
It can be shown that there are many different types of shocks, depending on the shock 
parameters. One of the most important factors controlling the type of shock is the 
direction of the upstream magnetic field. A convenient way of looking at the shock 
geometry is by defining n as a unit vector normal to the shock plane and Bn as the 
angle between the upstream magnetic field vector and n. Depending on Bn, the shock 
can have dramatically different behaviours. When the Bn =0 the shock is called a 
parallel shock, and when Bn = 90 it is called perpendicular shock. The importance of 
this distinction becomes apparent when considering particle motion frozen along a field 
line, and the particles‟ ability to reflect off the shock and travel upstream. 
 
MHD discontinuities found within plasmas do not necessarily require the presence of a 
shock, for example if the flux of the magnetic field and mass flow across the jump is 
zero, then the plasma contains a tangential discontinuity- which is essentially a current 
sheet separating two plasma regimes. 
 
This section has concentrated on the basic shock problem and their occurrences in 
interplanetary space, but shocks are also observed around planets such as Earth, in these 
circumstances they are called bow shocks, and ahead of fast moving ICMEs. In both of 
these circumstances the shock remains at an approximately fixed distance in front of the 
object. For more details on procedures of measuring shock parameters see section 6.2 
and 6.3 
 
 
1.5.2 Interplanetary coronal mass ejections 
 
Coronal mass ejections are large eruptions of plasma and magnetic fields, occurring 
above the solar surface. They escape from the Sun‟s gravity and flow within the 
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ambient solar wind. The topology of their interplanetary manifestations, ICMEs, is 
investigated in depth within this thesis.  
 
ICMEs sometimes drive interplanetary shocks into the ambient solar wind ahead. These 
objects also average approximately 0.25 AU in radial width when they pass over the 
Earth and are often still expanding. The unique signatures for identifying these objects 
are discussed in more detail in chapter 2. 
 
 
 
1.6 Space Weather 
 
Over the past two decades the term space weather has come to describe the variability in 
the solar wind and other transient behaviour directed towards Earth. The structures and 
variability described above, under certain conditions, are able to affect the Earth 
magnetic shield (magnetosphere) which can in turn produce adverse effects at ground 
level and create catastrophes to the local human population. This effect is becoming 
more pronounced as our society becomes ever more dependent on technology. An 
example of such a scenario occurred in 1989 when a large geomagnetic storm induced 
currents in Canada‟s Hydro Quebec electric power grid, causing it to fail and leaving 6 
million people without electricity.  
 
Going further back in time to September 1859, the British astronomer Richard 
Carrington recorded the most powerful storm event to date [Carrington, 1859]. This 
particular event was recorded to have caused auroras around the world and most notably 
over the Caribbean. Auroras, sometimes referred to as the northern and southern lights, 
are typically observed at high Earth latitudes over the Arctic and Antarctic circles. This 
rare occurrence, close to the equator, signifies a large disturbance to Earths 
environment. In fact, records were logged for the failure to the telegraph system over 
Europe and North America. This failure to the telecommunications industry would have 
been much worse had the event happened after the start of the space age (circa 1960s). 
Possible destruction to telecommunication and GPS satellites could cause significant 
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impact to the world‟s economy [Baker et al., 2008]. Although the satellite industry does 
consider a premature failure to a fixed proportion of their functional satellites, less is 
known on the probability of simultaneous failures to many satellites if a Carrington 
style event was to occur once again [Odenwald et al., 2006]. However, a natural record 
of radiation events can be retrieved from ice core samples by analysing concentrations 
of nitrates. (Please note that this does not necessarily provide any indications to the 
storms magnetic configuration). These historical samples show that these extreme 
events are both rare and likely to occur again sometime in the future with a frequency of 
about 500 years for a Carrington style event [Odenwald and Green, 2008]. 
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Chapter 2 
 
Coronal Mass Ejections 
 
 
2.1 Coronagraph observations 
 
 
This chapter is aimed at summarising the current understanding of coronal mass 
ejections (CMEs) and their interplanetary counterparts (ICMEs). Having already laid 
the ground work of the space environment in chapter 1, here we will concentrate on the 
morphology of CMEs from their initiation process out to interplanetary space. We will 
describe the hypothesised physics, the observations and simulation results. 
 
CMEs may be regarded as eruptions of plasma and magnetic field from the low corona, 
into interplanetary space. They are driven by the release of energy from the magnetic 
field, and occur within closed field lines when the magnetic structure becomes complex 
and twisted, losing equilibrium [Gopalswamy et al., 2006]; ultimately, erupting in a 
process that has yet to be fully identified [Forbes et al., 2006]. The frequency of CME 
eruptions varies over the solar cycle, from about one every three days at solar minimum 
to approximately two-a-day at solar maximum [Cremades and St Cyr, 2007].  
 
  40 
 
 
 2. Coronal mass ejections 
Until the launch of the NASA funded dual spacecraft Solar Terrestrial Relations 
Observatory (STEREO) mission in 2007 [Kaiser et al., 2008], the current observational 
knowledge of CMEs have originated predominately from two main spatial domains: 
remote observations of CMEs in and above the solar corona [see the review by Hudson 
et al., 2006, and references therein]; and in situ of spacecraft in the interplanetary 
medium [see the review by Zurbuchen and Richardson, 2006, and references therein] 
where they are called Interplanetary CMEs or ICMEs. The Heliospheric Imager (HI) 
camera onboard STEREO [Eyles et al., 2009] has expanded our remote sensing 
capabilities  by extending the field of view to terrestrial distances (see Chapter 3).  
 
Interplanetary Scintillation (IPS) is another technique that is being used to study CMEs 
in the intermediary distance region between remote and in situ results. This technique 
uses an indirect method of calculating solar wind properties. Radio waves from a point 
radio source (e.g. a distant star) are scattered by electron density irregularities in the 
solar wind. This leads to measurements of density variation along the line of sight to the 
radio source, and solar wind velocity components perpendicular to the line of sight 
[Kojima and Kakinuma, 1987]. More recently, a Computer Assisted Tomography 
(CAT) program has been developed [e.g. Jackson et al., 2007, and references therein] to 
optimise the use of IPS measurements and produce a 3D global representation of 
transient structures propagating within the heliosphere. The reconstruction programme 
is an attempt to bolster our space weather predictive capabilities, and have so far shown 
reasonable success in retrospective analyses and in forecasts. Although this modelling 
technique allows reconstruction of CMEs and other solar transients, the coarse 
resolution from the technique opens up further opportunities to research the evolving 
morphology of CMEs using the higher spatial resolution from HI cameras.  
 
Interest in the dynamic nature of the corona can be traced back to as early as 1860. A 
drawing of what appears to be a CME was documented by Gugliemo Tempel, an Italian 
astronomer, during a solar eclipse in Spain [Alexander et al., 2006, and references 
therein]. Coronagraph instruments have been built subsequently, and are an artificial 
attempt to create a solar eclipse. The advent of space based coronagraph instruments 
(initiated by Skylab [e.g. Macqueen et al., 1974; Gosling et al., 1974]), have allowed 
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scientists to observe these phenomena with greater frequency. More recently, the Solar 
Heliospheric observatory (SOHO) [Domingo et al., 1995] currently positioned at the 
first Lagrangian (L1) point between the Sun and the Earth is still being used to 
catalogue CMEs as they propagate away from the Sun.  
 
The majority of coronal observations presented in this thesis were made by either the 
Large Angle Spectroscopic Coronagraph [LASCO, Brueckner et al., 1995] onboard 
SOHO or the two coronagraphs onboard STEREO. LASCO was built with three 
coronagraph instruments (C1, C2 & C3) and STEREO was built with COR1 and COR2. 
Figure 2.1 displays an example CME propagating away from the Sun with six frames 
from the COR 2 camera, indicating the changing size and shape as it moves away. The 
black disc at the centre is the occulting disc which blocks out the more intense sunlight 
from the solar disc – which is indicated by a white circle. Surveys of all CMEs observed 
on these instruments are recorded and can be found at: http://cor1.gsfc.nasa.gov/catalog/ 
for COR 1, and http://cdaw.gsfc.nasa.gov/CME_list/ for LASCO. Incidentally, the 
example CME provided in figure 2.1 is investigated further in chapter 5. 
 
Both the LASCO and COR instruments provide white light images of the solar corona. 
The white light observed is Thomson scattered sunlight from coronal electrons (see 
Section 3.1.4 for more details). The intensities in the images are proportional to the 
electron column densities integrated along the line of sight from the different parts of 
the CME. Bright features indicate areas of increased electron density, and with the 
property of frozen in flux allows the magnetic structure within the corona to be inferred 
[Krall and St Cyr, 2006]. 
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Figure 2.1. A series of COR2 images from the STEREO-B spacecraft during a CME 
eruption in November 2007. The black disc in the centre represents the occulter. The 
white dashed line indicates the position of the Sun. 
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2.1.1 CME morphology 
 
Over the years it has been observed that many CMEs and especially ones originating 
from filament regions, show a three-part-structure; characteristically described by a 
bright frontal structure, a dark void, and a bright core [Illing and Hundhausen, 1986]. 
An example of this structure is shown in figure 2.2a; these bright (dark) regions have 
been used to infer dense (less dense) regions of electron density, respectively. However 
this structure is not seen in all cases. A shock wave may be driven ahead of a CME if it 
is fast erupting and travelling at super-Alfvenic speeds [e.g. Mikic and Lee, 2006], as 
shown schematically in figure 2.2b. 
 
a b
 
Figure 2.2 (a). A LASCO coronagraph image of a CME from 2000 displaying a typical 
three-part-structure.  (b) Schematic showing the relationship between various features 
associated with a CME. The shaded region labelled "plasma pileup" refers to the outer 
circular arc seen in coronagraphs (Forbes, 2000). 
 
 
CMEs occurring from close to the solar disc centre often appear in images to surround 
the occulting disk of the coronagraph- these CMEs have been labelled as halo CMEs. 
Halo CMEs are regarded to originate from near the solar disc centre (either facing Earth 
or on the back-side of the Sun). The proximity to which the footpoint of a CME is to the 
solar disc centre is able to vary the apparent width observed on a coronagraph image. 
Those seen to have widths of >120 are known as partial halos [St Cyr et al., 2000]. 
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Analysing the morphology of CMEs, the shapes of expanding CMEs have been 
recorded to be ‘well maintained’ and remain ‘self-similar’ [Schwenn et al., 2006]; this 
was defined as the ratio between lateral expansion and radial propagation appearing to 
be constant for most CMEs. The term ‘self-similar evolution’ was used by Low [1982] 
when he noticed an observed coherence of large-scale structure within the moving 
transient could be explained quantitatively with self-similar solutions [Low, 1984; 
2001]. 
 
Cremedes and Bothmer [2005] have shown that a majority of CMEs appear to be 
consistent with a nearly perfect circular cross section (quasi-circular) - consistent with a 
flux rope structure. In an attempt to deduce the geometric and kinematic properties of 
CMEs within coronagraphs an ‘ice-cream cone’ model [Fisher and Munro, 1984] has 
often been used. This model attempts to explain the evolution of CMEs propagating 
close to the plane of sky. This shape consists of two parts, a top ‘ice-cream’ part thought 
to possess the majority of the CME eruption and flux rope structure; and the cone part 
below, which is believed to be the structure of the magnetic field lines directing back to 
the footpoints on the Sun’s surface. This cone points in the radial direction whose apex 
is assumed to be located at the centre of the Sun, and therefore suggest CMEs do not 
originate as point sources at the solar surface. 
 
Later sections in this chapter predominately expand on the two basic ideas of describing 
CMEs as cylindrical objects or ones that can be described by ‘ice-cream’ cones. Both 
the theory and observational evidence drive these particular descriptions. Later when 
considering the interplanetary manifestations of these objects (see section 2.3) the 
expansion properties become significant and the object is considered to change shape.  
 
 
2.1.2 Apparent speeds 
 
The mean average speed of CMEs measured in different surveys using various 
coronagraphs from spacecraft does not vary significantly. The speed itself does show a 
variation linked to solar-cycle, but the relationship is not regarded as simple due to 
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varying origins and properties of CMEs. Using LASCO at the beginning of solar cycle 
23 (1996-1998), the lowest average speed was found at solar minimum and gradually 
increased through 1998 [Hudson et al., 2006]. Gosling et al. [1976a] showed that CMEs 
associated with active regions have higher average speeds than those associated with 
eruptive prominences located away from active regions. 
 
Variations apparent in the CME acceleration profile with height prompted Sheeley et al. 
[1999] to classify CMEs into two broad types: those associated with active regions and 
flares, which appear at large initial velocities and then later decelerate; and the filament-
eruption CMEs, which are slower and accelerate as they propagate away. While these 
studies are indicative of the variations observed, they are by no means conclusive. 
Using the outer C3 instrument on LASCO, it has been shown that most CMEs approach 
constant velocity by ~30 solar radii away from the Sun [Sheeley et al., 1999].  
 
 
 
2.2 Theories of CME initiation 
 
CME dynamics encompasses a wide range of plasma processes, and over their life cycle 
cover an enormous range of spatial and temporal scales. The magnetic field plays a 
dominant role within these processes. The solar dynamo creates the magnetic field 
within the Sun’s interior which is then ‘felt’ above the surface. The Sun’s surface 
rotates at different rates depending on solar latitude; this effect twists the field, and 
ultimately, it erupts as a result of instability or loss of equilibrium [Gopalswamy et al., 
2006]. The exact process has yet to be identified, but the most widely accepted theories 
for CME eruptions are those in which the required energy for eruption is stored in the 
twisted coronal magnetic fields [Hudson et al., 2006]. Our current understanding 
typically involves using theoretical principles to construct mathematical models which 
explain the shape and evolution of CMEs as inferred from observations. In both cases, 
analytical and numerical, models are required to have their initial state specified. 
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Due to the complexity which governs CME dynamics, much effort has been focused on 
developing numerical methods. MHD codes over the years have made considerable 
progress. Within a programme 8 initial state variables are required to be specified 
throughout the heliosphere: three components of the magnetic field, three components 
of velocity, density and temperature. Forbes et al. [2006] noted that the flow of 
information in the solar wind, beyond the point where the fast mode Mach number 
exceeds one, is always outwards. This allows MHD codes to been linked together so 
that outputs from one code can be used as inputs for another (see section 2.3 for further 
details). There are several reviews on the theory of CME initiation [e.g. Low, 1996; 
Forbes, 2000], with a more comprehensive list discussed by Mikic and Lee [2006]. 
 
 
2.2.1 Flux Rope models  
 
Van Ballegooijen and Martens [1989] interpreted that annihilation of magnetic flux at 
the photosphere through reconnection occurs at filament sites and during the eruptive 
process. They computationally investigated the problem at a neutral line of a sheared 
arcade, and calculated the consequences of force-free equilibria to show that flux 
cancellation leads to the formation of a flux rope. The resulting helical field lines of the 
model flux rope were capable of supporting prominence material. They also showed 
that a rise in equilibrium height along with an increase in flux cancellation suggests a 
possible eruptive behaviour.  
 
Further studies of embedded flux ropes found that if the flux cancellation process 
continued, the result would be a loss of equilibrium [e.g. Pneuman, 1983; Van 
Ballegooijen and Martens, 1989; Mackay et al., 1998; Mackay and Van Ballegooijen, 
2001]. The new equilibrium height would be further from the Sun, as illustrated in 
figure 2.3. This behaviour can be interpreted as the magnetic pressure force inside the 
flux rope pushing the rope to expand; these forces are restrained by tension from the 
surrounding field. Flux cancellation reduces the restraining force and converts the field 
into extra magnetic flux in the rope, thereby increasing the magnetic pressure. As the 
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flux rope progresses further from the Sun it is eventually pulled outward by the solar 
wind (see figure 2.3) 
 
 
 
Figure 2.3. An ideal MHD flux rope model that is azimuthally symmetric. a) in 
equilibrium close to the Sun, b) Larger distance away from the Sun after transition, 
showing the formation of a current sheet. [Lin et al., 1998; Forbes et al., 2006]. 
 
 
Figure 2.4 displays the results of a simulation by Linker et al. [2003] who performed 
numerical calculations using full MHD equations including the effects of the solar wind 
pulling on transients. Here, the source of free magnetic energy for the eruption was 
provided by a shear flow near the neutral line. This shear flow is a convenient 
mechanism for producing the required sheared field lines. The change in flux over time 
is applied by specifying the tangential component of the electric field. This electric field 
drives the converging flows and the flux at the neutral line, as is assumed by van 
Ballegooijen [1989]. For the purposes of this thesis, only the shape and size of the CME 
is important; the details of all the parameters and their values are not significant. 
 
The figures describe a CME propagating away from the Sun as something that is 
essentially a growing circular structure. However, observing this shape is dependent on 
the orientation and position of the flux rope axis (sometimes referred to as the filament 
channel when prominence material is present). 
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Figure 2.4. MHD simulation of helmet streamer eruption triggered by flux cancellation. 
The stripes in the top panels show projected field lines (there is also a B component of 
the magnetic field out of the plane). The middle panel shows the current density, J, out 
of the plane. The bottom panels show the polarization brightness that would be 
observed by a coronagraph if this were a real CME. The time is displayed in units of a 
scale time defined as A =12 minutes. Figure taken from Linker et al. [2003]. 
 
 
 
2.2.2 Breakout model 
 
A simple picture of this mechanism requires analysis of the force balance between the 
upward magnetic pressure force of the highly sheared field at the filament channel and 
the downward tension of the overlying quasi-potential field. Since the upward force is 
considered to be constrained to increase slowly, either by photospheric motions or flux 
emergence, an explosive eruption requires a fast decrease of the downward tension. 
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The breakout model postulates that reconnection occurs above the filament channel. 
Reconnection at a null point removes overlying flux, allowing the filament to erupt out 
of the corona into the solar wind. The topology of the overlying flux is one of quasi-
potential field. As this model requires reconnection to occur between multiple flux 
systems, it is essential that at least one null point is present. 
 
 
Figure 2.5. Computational simulation of the initiation of a CME. The simulation uses 
the breakout model indicating magnetic field lines reconnecting, with a colour map 
showing the radial velocity. Figure adapted from MacNeice et al. [2004]. 
 
 
The mechanism for the breakout model has been analysed by e.g. Antiochos et al. 
[1999] and MacNeice et al. [2004]. Here, the initial parameters include four flux 
systems in a potential field. In order to produce an eruption a filament channel was then 
added. A schematic of the model is shown in figure 2.5 where the black lines show 
reconnection occurring above the filament channel, with the last panel showing a 
circular plasmoid structure escaping. The colour plot indicates the velocity magnitude, 
with red implying a large escape velocity and dark blue as an infall of material. 
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2.2.3 Flux injection model 
 
Another model developed by Chen [1989; 1996] theoretically hypothesised a scenario 
with an initial state already containing a 3D helical magnetic flux rope; schematically 
shown in figure 2.6. The rope is assumed to be in equilibrium according to MHD, and 
an eruption of the rope occurs when poloidal magnetic flux is ‘injected’ into the flux 
rope. To calculate the evolution of the flux rope an approximate form of the MHD 
equations were used. A prescription of the magnetic field is not explicitly provided by 
this model. Reconnection was assumed to occur frequently, such that any formation of 
current sheets during the evolution would have a negligible effect on the dynamics of 
the flux rope.  
 
Diameter, D
 
Figure 2.6. Schematic of a model flux rope above the photosphere. Subscripts ‘t’ and ‘p’ 
refer to the toroidal and poloidal direction, respectively. Figure adapted from Chen 
[1989]. 
 
 
This flux rope hypothesis has been shown to be quantitatively consistent with observed 
CMEs. Direct comparison between data from LASCO field of view and model solutions 
for predicted height time profiles have been closely matched [Chen et al., 1997; 2000]. 
In particular, Krall et al. [2001] analysed the morphology of 11 LASCO CMEs 
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suggesting there is a significant subset with flux rope behaviour. Even though the 
coronal magnetic field is not directly measurable at this time, the authors predict the 
magnetic field topology from the morphology of projected density enhancements. This 
itself depends on various assumptions [Schwenn et al., 2006;Alexander, 2006]. 
 
One prediction from this model of particular interest in this thesis is with regards to the 
aspect ratio of a CME, which was defined as the ratio of the leading edge height and the 
transverse width (i.e. a height to width ratio). After the initial acceleration phase it was 
predicted that the CME would have nearly constant aspect ratio. Krall et al. [2001] 
observationally showed these CMEs to have nearly constant aspect ratio, often 
displayed a slightly increasing ratio between 2-5 Rs (C2 instrument); and slightly 
decreasing between 5-30 Rs (C3 instrument). The authors defined as the width the 
diameter, D, between the northernmost and southernmost point of the bright circular 
rim; and the height was defined as the distance from the centre of the Sun to the bisector 
of the diameter line. 
 
 
 
2.3 Transition from CME to interplanetary CME 
 
As CMEs propagate away from the Sun, their speed and predicted arrival time at Earth 
is of interest to the community for the purpose of space weather predictions. That is to 
say, the initial acceleration near the Sun, subsequent acceleration or deceleration 
between the Sun and the Earth, and the rate of expansion of the interplanetary CME 
(ICME) is subjected to scrutiny. Statistical analysis of CMEs observed near the Sun 
show speeds vary greatly from ~100km/s to over 1000km/s [e.g. St Cyr et al., 2000; 
Gopalswamy et al., 2000; Zhang, 2005]. These speeds were derived using LASCO and 
assume plane-of-sky propagation. Thus, the true radial speeds may vary greatly from the 
measured results, depending on the direction of propagation. These apparent speeds are 
measured by the CME’s height above the solar limb as a function of time; therefore the 
apparent speed assumes the Sun remains fixed on the celestial sphere. These limitations 
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have not detracted from the use of the results to aid predictions of space weather 
forecasting. 
  
Gopalswamy et al.[2000] showed empirically that the acceleration (a) can be expressed 
with a linear relationship to the plane-of-sky speed (u) measured from images.  
 
                                        skmusma /0035.041.1/ 2           .                        (2.1) 
 
Here the coronagraph speeds were correlated to the speeds measured at 1AU, with the 
deceleration defined as the negative of acceleration. It was therefore noted that fast 
CMEs decelerate and slow CMEs accelerate to arrive at Earth with speeds closer to the 
ambient solar wind. Support for this constant deceleration profile for fast CMEs 
between the Sun and Earth was later provided by Reiner et al. [2003]. This work used 
simultaneous radio and white light observations, and provided evidence against a 
deceleration that decreases with distance from the Sun.  
 
 
2.3.1 Expansion of CMEs 
 
Based on arguments of flux conservation through closed surfaces centred on the Sun 
(i.e. consecutive spheres), the solar wind must expand in the plane perpendicular to the 
radial direction. For CMEs to maintain pressure balance with the surrounding solar 
wind they must also undergo similar expansion; therefore their propagation must follow 
lines that point radially away from the Sun. Thus the cross section of CMEs as they 
propagate away is thought to deviate away from the expected self-similar expansion and 
become progressively elliptical, as illustrated in figure 2.7. The eccentricity of the cross-
section is then dictated by CME expansion in the radial direction. This idea for the 
predicted shape of CME cross sections is investigated further in Chapter 6. 
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CME
ICME
VCME VICME
VSW
VSW  
Figure 2.7. Schematic showing non-radial expansion of CMEs as they propagate into 
the heliosphere. Bulk flow within the CME follows the direction of the solar wind by 
flowing in the radial direction. 
 
 
The typical size of an ICME at Earth (1AU away from the Sun) in the radial (from the 
Sun) dimension is approximately 0.2AU to 0.25AU [e.g. Klein and Burlaga, 1982; 
Bothmer and Schwenn, 1998]. An analysis of 37 ICMEs with clearly defined 
boundaries carried out by Owens et al [2005], provided an empirical formula relating 
the rate at which the ICME radius is increasing (Vexp) and the speed of the ICME 
leading edge (VLE) 
 
                                          61.70/266.0/exp  skmVskmV LE              .                (2.2) 
 
As in situ measurements from spacecraft can only provide ICME sizes in 1D, different 
techniques have been used to estimate a two dimensional cross-sectional area. The 
Grad-Shafranov equation with magnetic field data [Hu and Sonnerup, 2002] has been 
used to measure the (aspect) ratio between the major and minor axis. They found ratios 
at 1AU might typically be less than 2. Another technique by Russell and Mulligan 
[2002] measured the radial width of the sheath for one particular ICME (i.e. shock 
standoff distance). Using Earth’s bow shock as their starting point, they used an 
empirical relationship between the shock standoff distance and the obstacle size 
[Spreiter et al., 1966] to calculate a predicted aspect ratio of the ICME. They found this 
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to be approximately 4. This provides some initial evidence of a deviation away from a 
circular cross section; a topic which is investigated in more detail in Chapter 6.  
 
If an ICME is travelling faster than the solar wind ahead then the pressure wave or 
shock front preceding the ICME ‘sweeps’ up the solar wind as it propagates further into 
the heliosphere. This solar wind plasma is therefore deflected to travel around the 
ICME. Owens and Cargill [2004] measured the angle of deflection in this region and 
concluded the ICME is likely to be elongated. Furthermore, a detailed study of ICME 
propagation using MHD simulations [Riley and Crooker, 2004; Crooker and Horbury, 
2006] showed that ICMEs become highly distorted by the time they reach Earth. The 
simulation suggested such a significant deviation away from the ideal cylindrical 
structure. The authors described this evolution as becoming pancake like. Figure 2.8 
displays the contours from a model CME propagating away from the Sun; two 
snapshots are presented; at 3 and 110 solar radii away from the Sun. 
 
 
Figure 2.8 Evolution of a flux rope by propagating the object radially away from the 
Sun. The internal expansion, often measured in situ as a linearly decreasing velocity 
profile, is not included. Two snapshots of the flux rope are displayed at 3Rs and 110Rs. 
Adapted from Riley and Crooker [2004]. 
 
 
2.3.2 ICME drag force 
 
With observations from coronagraphs showing much larger variation in speed than seen 
in situ at Earth, it has led research to demonstrate that slow CMEs accelerate, and fast 
CMEs decelerate towards the ambient solar wind speed [e.g. Gopalswamy et al., 2000]. 
This equalisation is analogous to aerodynamic drag experienced by an object within a 
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fluid. The standard form for a drag term (originally for fluid dynamics) is parameterised 
by: 
                                  SWCMESWCMEdd VVVVACF                                          (2.3) 
 
where VCME and VSW are the CME and solar wind speed, respectively; A is the cross 
sectional area of the CME; Cd is aerodynamic drag coefficient which is typically around 
unity [Cargill et al., 1996]. More recently a disagreement with the standard drag term 
has come to light [Reiner et al., 2003]. The inconsistency is shown to stem from a larger 
density and velocity difference near the Sun than further out. That is to say, for a reason 
yet to be fully understood the value of the drag coefficient, Cd, should be 
correspondingly small closer to the Sun.  
 
A suggestion by Cargill et al. [1996] may provide a solution to the problem; they point 
out that the magnetic pressure far exceeds the plasma pressure near the Sun. As 
assumed by the standard model, the idea is: a drag is experienced by an object in a fluid 
when the flow separates away from the flanks of the object, thereby leaving a low 
pressure wake at its tail. Consequently, a braking force is created by a pressure 
difference. In contrast when a strong magnetic field drapes over the object, the field 
could force the plasma to flow all the way round without leaving the object; thus no 
longer leaving a low pressure wake.  
 
 
2.3.3 Numerical solar wind modelling 
 
Over time, different models have been developed for different regions of the 
heliosphere. For computational and physical reasons, the corona and the heliosphere are 
best modelled separately [Owens et al., 2008], but the Center for Integrated Space 
Weather Modeling (CISM) have been working on coupling a variety of models for 
scientific, as well as, forecasting applications. CISM has been motivated in part by the 
required understanding of space weather impacts on technological systems. Models 
developed can be broadly categorised to function in two domains: an empirical or 
physics-based regime. 
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Figure 2.9 shows a schematic of the component models that are being implemented and 
coupled at CISM to provide a numerical model for the full Sun-Earth system. More 
details on these models and their relative accuracy are addressed by Owens et al. [2008], 
and references therein. Here, beginning in the photosphere of the Sun, photospheric 
magnetic field observations are used as inputs to models of the corona. The Wang-
Sheeley-Arge model (WSA) [Arge and Pizzo, 2000] uses the field observations as an 
input to a modified potential field source surface (PFSS) model, which determines the 
coronal field out to 2.5Rs.  
 
The Magnetohydrodynamics around a sphere (MAS) model [Linker et al., 1999; Mikic 
et al., 1999] is a 3D MHD code for the Sun’s corona and inner heliosphere. 
Photospheric field observations provide the initial inner boundary conditions. The initial 
conditions between 1 and 30Rs are then based on these observations, and are derived by 
a potential field solution to the photospheric radial field, a uniform boundary density 
and a Parker-type solar wind outflow. The time-dependent polytropic MHD equations, 
with finite resistivity and viscosity are then solved with spherical geometry in a non-
rotating frame. This solution is then allowed to approach a steady state by using a 
polytropic energy equation and setting the ratio of specific heats to a reduced value 
(sometimes set to  =1.05). This approach avoids the complicated physics in the 
transition region such as radiation loss and coronal heating.  
 
However, this MHD approach does not reproduce the large velocity variations observed 
between the fast and slow solar wind in the heliosphere. Therefore an empirically 
derived velocity solution replaces the plasma velocity from the coronal MAS model 
[Owens et al., 2008]. This empirically derived solution is then used as one of the inputs 
for the inner boundary to a heliospheric model. The empirically derived velocity varies 
between two manually chosen speeds, the slow and fast solar wind. The variation in 
speed is dependent on a parameter which is defined to be the minimum distance from an 
open-closed field boundary. This empirical velocity solution will be used in chapter 5; 
where a kinematic flux rope is distorted according to the speed variation of the ambient 
solar wind.  
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The coronal models described above can be implemented into a heliospheric model to 
generate predictions for conditions at terrestrial distances. There are two models 
described by Owens et al.[2008]; one simply propagates the near-Sun solar wind 
solution kinematically; the other is called ‘Enlil’ (named after the Sumerian God of 
wind) and is a 3D ideal MHD code developed at the National Oceanic and Atmospheric 
Administration, NOAA, by Odstrcil [e.g. 2003].  
 
By implementing different combinations of the four component models, three coupled 
models between the corona and the heliosphere can be generated: baseline, WSA-
ENLIL, and CORHEL. 
 
 
Figure 2.9. A schematic representation of the constituent components of different 
models that go into the three coupled models tested by Owens et al. [2008]. Taken from 
Owens et al. [2008]. 
 
 
Other models have also been developed to gain better understanding of white light 
observations from coronagraphs. Figure 2.10 is an example model by Thernisien et al. 
[2006; 2009] that tries to reproduce flux-rope-like CMEs. This model assumes uniform 
electron density on a graduated cylindrical shell (sometimes referred to as a croissant 
model). By viewing the morphology of this model we again highlight the importance of 
a circular cross section that is assumed. This particular model when simulated to white 
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light coronagraph prediction, sees an enhanced circular rear edge of the flux rope when 
viewed edge on (as indicated in the bottom right panel of figure 2.10). This prediction is 
further investigated with observations from the STEREO HI camera in Chapter 4. 
 
 
Figure 2.10.  Top panels. A schematic of the graduated cylindrical shell model. Bottom 
panels: The corresponding simulated white light images. Adapted from Thernisien et al. 
[2009]. 
 
 
2.3.4 Interaction with solar wind streams 
 
As mentioned previously, when we investigate CMEs further out into the heliosphere, 
we must consider deviating away from their cylindrical nature. The Enlil model has 
been used to investigate the shape of a CME as it propagates between 20Rs and ~1AU. 
A CME is generated by a time-dependent pressure and velocity pulse on the inner 
boundary of the model [Odstrcil and Pizzo, 1999b]. This CME, in effect, is a plasma 
parcel with no internal magnetic field configuration, and as a result means that although 
  59 
 
 
 2. Coronal mass ejections 
the magnetic fields in the ambient solar wind of the model would be distorted by the 
presence of a CME, the CME itself would not have characteristics of a magnetic flux 
rope (explained further in section 2.5 and figure 2.17). Nevertheless, by following this 
3D MHD model we are able to monitor any possible distortions from the idealised 
cylindrical morphology.  
 
 
Figure 2.11. A schematic view at the inner boundary (0.14AU) for the launch of four 
different cases of CMEs using the Enlil model. In all cases the ‘gas’ pressure inside the 
CME is 8 times larger than the background value. The velocity and temperature were 
defined as equal to the fast stream values. Taken from Odstrcil and Pizzo [1999a]. 
 
 
The work carried out by Odstrcil and Pizzo [1999a; 1999b; 1999c] showed that any 
distortions are more likely to be caused at the interaction regions between solar wind 
streams travelling at different speeds. As such, the authors investigated four situations 
displayed in figure 2.11. The figure shows the initial location of the CME with respect 
to the ambient solar wind. The position and shape of the CME model was then 
investigated 48 hours later (shown in figure 2.12). The CME is clearly seen to be 
distorted away from the circular cross-section. When considering the structure of the 
CME away from the slow/fast stream boundary, the shape is broadly similar to the 
elliptical nature predicted by simple kinematic propagation. But at locations along the 
stream boundaries, the CME is observed to possess significant shearing. It has also been 
pointed out that the shock strength of a fast moving CME, in this model, can vary 
considerably across the structure. This in turn affects the shock stand-off distance 
between the shock front and the CME driver. The variation of shock stand-off distance 
is of significant importance in chapter 6.  
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Figure 2.12. A meridional cross-section of the CMEs 48 hours after they were launched 
into a structured solar wind. The four cases are defined as the same as figure 2.11. 
Taken from Odstrcil and Pizzo [1999a]. 
 
 
 
2.4 Interplanetary CMEs (ICMEs)  
 
Over the years, instruments measuring the local environment onboard spacecraft have 
investigated properties of the solar wind including interplanetary CMEs (ICMEs) while 
they propagate through the heliosphere. ICMEs have often been attributed to many of 
the large deviations from the idealised magnetic configuration stipulated by Parker 
[1958]. In situ instruments have also recorded some of the strongest magnetic fields and 
the fastest bulk plasma speeds when within ICMEs. 
 
 
2.4.1 ICME signatures 
 
ICME signatures are varied and can be apparent in both the magnetic field and plasma 
data. While no single signature can be uniquely used to define the presence of an ICME, 
it is very rare for a single ICME to display all the possible signatures [Wimmer-
Schweingruber et al., 2006]. This ambiguity in a proportion of cases has led to a degree 
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of subjectivity in their definition and identification. Zurbuchen and Richardson [2006] 
provide a comprehensive review of all in situ signatures that are currently known. We 
discuss below some of the widely used indicators, while figure 2.13 is used as a case 
study event exhibiting many of the typical signatures: 
 
 
 
Magnetic features: 
 
a. Enhanced magnetic field intensity: 
A small enhancement in the magnetic field can be seen in figure 2.13d, but this would 
not be considered as an ideal example. A study by Burlaga and King [1979] showed that 
magnetic field intensities of 13nT near the Earths environment were significantly higher 
than in the ambient solar wind. This criterion was used by them to define ICMEs during 
1963-1975. At this time, the terminology ICME had not been introduced, and ICMEs 
were referred to as cold magnetic enhancements. However, their study showed that 
increased field intensity alone can not be used to define all ICMEs because 
compressions from stream interactions were also identified. It has also been seen that 
ICMEs, defined by other signatures, occasionally do not exhibit an enhanced magnetic 
field, as in the example shown here. 
 
b. Smooth rotation in the magnetic field: 
A smooth field rotation of the magnetic field during the transit of a spacecraft through a 
transient is an important signature in defining ICMEs (as seen in figure 2.13c). It is also 
one of three used in defining an important subset of ICMEs, called magnetic clouds. 
However, due to the diversity between events, examples without this structure have also 
been identified. Approximately a third of ICMEs possess a field rotation [Gosling, 
1990]. The field rotation indicates a magnetic structure with helical behaviour which 
can be identified as a flux rope. The origins for a helical structure come from the CME 
initiation process back at the Sun, discussed earlier in section 2.2. The magnetic 
topology of an ICME exhibiting this behaviour is described in more detail in Section 
2.6.   
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Figure 2.13. A typical stack plot used to simultaneously view different magnetic and 
plasma data. The above data are from the Ulysses mission during August 2000. The top 
panel shows electrons appearing to flow parallel and anti-parallel to the field lines (i.e. 
counterstreaming or BDEs). Panel b, c and d are the magnetic field in spherical 
coordinates, followed by ion temperature, number density and velocity. Taken from 
Crooker et al. [2004]. 
 
 
c. Reduced magnetic field variability: 
Although this signature alone is very rarely, perhaps never, been used to identify ICMEs 
alone, when comparing to the fluctuating ambient background solar wind, it does 
provide a useful aid to analysing a magnetic field time series. The source of the 
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behaviour is not well established, but may be indicative of an ICME beginning lower in 
the solar corona when compared to the source of solar wind to coronal holes. 
 
d. Low plasma beta: 
The plasma beta value within the solar wind is defined as the ratio of plasma pressure to 
the magnetic pressure. The calculation of this parameter leads to a sense of whether the 
plasma or magnetic field dominates within the local region. Neugebauer and Goldstein 
[1997] pointed out in their review paper that the beta value of ICMEs (<1) is often 
lower than the ambient solar wind (~1); implying that the dynamics of ICMEs are 
dominated by the magnetic field. 
 
 
 
Plasma features: 
 
e. Bidirectional electrons (BDEs) 
As with a pressure gradient that drives the solar wind away from the Sun, a temperature 
gradient between the Sun and outer heliosphere drives a heat flow in the anti-Sunward 
direction. A suprathermal (>80eV) heat flux of electrons carries this heat from the hot 
corona (~10
6
K) to the cooler interplanetary space (~10
3
K) [e.g. Montgomery et al., 
1968; Crooker et al., 2004].  
 
With regards to the ambient solar wind, the hot corona can be regarded as a continuous 
source of hot electrons, this electron beam is often observed parallel to the heliospheric 
magnetic field lines, travelling in the anti-sunward direction. In this scenario, the IMF 
can be regarded as ‘open’ and extending out to the heliosheath. This field aligned 
enhancement of electrons sometimes produces a narrow, high-speed beam that is 
sometimes referred to as ‘strahl’ [Rosenbauer et al., 1977]. 
 
If the magnetic configuration involves field lines that are closed, perhaps where both 
footpoints are rooted back to the photosphere, then the strahl can be seen to travel both 
parallel and anti-parallel to the field direction (as shown in figure 2.14). This scenario 
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has given rise to the term bi-directional electrons (BDEs) or counterstreaming electrons. 
This situation is a possible configuration of ICMEs, and hence frequently associated as 
an ICME signature [Gosling, 1990]. With the electrons flowing in a direction away 
from the Sun and along field lines, the presence of a bi-directional electron signature is 
indicative of a closed magnetic configuration with both footpoints of the field line 
rooted back on the Sun, as seen in figure 2.14. 
 
 
Figure 2.14. Schematic of the 3D structure of an ICME. This example displays a 
possible helical magnetic field configuration with both footpoints rooted back to the 
Sun. The blue arrows indicate that electron flux would be uni-directional flowing away 
from the Sun in the ambient solar wind, but a bi-directional flux would be exhibited 
within the ICME. Taken from Zurbuchen and Richardson [2006] 
 
 
As not all magnetic field lines within ICMEs are necessarily closed, ICMEs are 
frequently observed to be either absent of a BDE signature or display it intermittently. 
This implies a mix of open and closed field configurations that can be explained by 
reconnection between ICME and the IMF, which removes heat flux in one direction 
[e.g. Gosling et al., 1995].  
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Also, ICMEs are not the only source of BDEs, shocks (in particular bow shocks) are 
known to accelerate electrons to suprathermal energies (of the order of 100eV 
[Zurbuchen and Richardson, 2006]). As a result, BDEs due to a connection to a shock 
can produce a beam of electrons flowing in the opposite direction to the solar outflow, 
and as a consequence, this signature alone can not be used to identify ICMEs. 
 
f. Elemental composition 
The earliest identified typical composition signature of ICMEs is an enhanced ratio of 
helium to hydrogen compared to the ambient solar wind. Under standard conditions the 
He/H ratio in the solar wind is usually between 3 – 5%, but measurements within 
ICMEs show that ratios greater than 6-8% are typical, and may reach ~25% [Hirshberg 
et al., 1970; 1972].  
 
The He/H composition ratio of the photosphere is around 10%; therefore some process 
appears to fractionate the solar wind to a smaller abundance of helium. This is 
suggested to occur in the chromosphere or the low corona [Laming and Feldman, 2001]. 
The reason is not entirely clear but one mechanism suggests helium experiences a 
smaller proton drag force than other heavy ions. This then fractionates helium against 
the bulk flow of protons [Geiss et al., 1970]. The higher helium ratio within ICMEs is 
therefore attributed to particles freezing to the field lines lower in the chromosphere.  
 
Other plasma composition anomalies are also noted for ICMEs. Higher charge states of 
minor ions, such as oxygen and iron, are sometimes observed [Bame et al., 1979; 
Fenimore, 1980; Cane and Lario, 2006]. 
 
g. Proton and electron temperature depression 
An established correlation between the ambient solar wind speed and proton 
temperature is present [Burlaga and Ogilvie, 1973; Lopez, 1987]. Using this correlation, 
the predicted temperature within an ICME is higher than actually measured [e.g. 
Richardson and Cane, 1995]. Due to frozen in flux, thermal conduction is extremely 
low perpendicular to the field lines. These depressions in temperature, as seen in figure 
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2.13e, are therefore thought to arise from plasma expansion within an ICME while 
isolated from the ambient solar wind.   
 
h. Velocity-time profile 
As ICMEs propagate over spacecraft a time series of the velocity often indicates that 
these objects are expanding. A typical profile shows the maximum (minimum) speed at 
the leading (trailing) edge; as seen in figure 2.13g. Due to the speed gradient observed 
from leading to trailing edge, the bulk speed (centre of mass of the ICME) is best 
attributed to the average of the recorded results. But often a linear velocity profile is 
measured and the average velocity is simply the average between the leading and 
trailing edge values [Owens et al., 2005]. 
 
 
2.4.2 ICME Shocks   
 
ICMEs are often launched into the heliosphere at speeds much greater than the solar 
wind. More importantly, if the speed difference between the ICME and local ambient 
solar wind is greater than the local fast magnetosonic speed, a shock front will form. 
This shock acts to slow and deflect the solar wind around the obstacle by propagating in 
front of it. Marsden et al. [1987] showed that roughly 50% of ICMEs are associated 
with interplanetary shocks at the L1 point. 
 
With regards to the inner heliosphere (<1AU), most shocks are ICME related [Lindsay 
et al., 1994]. Interaction regions are also a large source of shocks, but do not usually 
present themselves within 1AU [Gosling et al., 1976b].  The shock normal and shock 
speed can be determined when the data quality is adequate (more details can be found in 
Chapter 6). On the whole, as the ICME is propagating away from the Sun in the radial 
direction, the shock normal at the ICME nose is radial. 
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Figure 2.15 Schematic displaying a fast ICME preceded by a shock front. The magnetic 
fields draping around the obstacle shows a planar magnetic structure. The normal to this 
plane estimates the local orientation of the ICME. Taken from Jones et al. [2002]. 
 
 
 
2.4.3 Sheath region 
 
In the presence of an ICME shock, the sheath region is the volume of solar wind that is 
found in front of an ICME but behind the shock. This shocked solar wind is comprised 
of compressed (high density) plasma and magnetic fields which are often deflected out 
of the ecliptic plane in order to drape around the ICME [McComas et al., 1989]. The 
deflected magnetic fields are therefore likely to have large strengths in the north-south 
component (i.e. large Bz). If the compressed field direction happens to be pointing 
southward, then reconnection of field lines between the ICME and Earths 
magnetosphere are probable. For this reason, the high speed compressed material and 
out-of-ecliptic magnetic fields found in ICMEs makes them very important for space 
weather consequences. 
 
Figure 2.15 displays a schematic of how the draping field lines ahead of an IMCE into a 
plane of compression which may lead to the formation of a ‘planar magnetic structure’ 
(PMS). Nakagawa et al. [1989] first identified them, and suggested various mechanisms 
for their formation. In these regions the field lines, although variable, lie in a common 
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plane. Jones et al. [2002] argued that these structures should be present in ICME sheaths 
with the normal to the plane providing the orientation of the ICMEs’ local edge.  
 
The importance of this work for determining the orientation of the shock plane will be 
shown in chapter 6. Although there are other methods for determining the vector normal 
to the shock plane, which are explained in chapter 6, the analysis of PMS produces a 
more global orientation of the shock plane without inadvertently calculating a different 
direction caused by small scale waves on the surface.  
 
 
2.4.4 Flow deflections 
 
Using the ISEE 3 spacecraft Gosling et al. [1987] investigated flow deflections in the 
sheath region between ICMEs and their respected shocks. From the analysis undertaken, 
it was observed that ICMEs were predominately deflected eastward with a 
correspondingly opposite deflected transverse speed of around 25km/s. The conclusion 
drawn was that the magnetic-stresses of the Parker spiral IMF acted on the west flank of 
an ICME thereby systematically deflecting the ICME. 
 
Further study was undertaken by Owens and Cargill [2004] using the ACE spacecraft 
between 1998 and 2002. They inspected intervals with transverse speeds of greater than 
50km/s, and noted that approximately half of all large transverse speeds (>100km/s) 
were associated with ICMEs. With a comparison to an ICME list created by Cane and 
Richardson [2003], one third of all ICMEs were associated with large transverse speeds. 
 
 
 
2.5 Magnetic clouds 
 
One of the most studied subsets of ICMEs is the magnetic cloud (MC). The dynamics of 
magnetic clouds are magnetically driven due to the low plasma beta found within the 
structure. These objects were first defined by Burlaga et al. [1981] using three particular 
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signatures: an enhanced magnetic field magnitude, a smooth rotation in the magnetic 
field and a low proton temperature.  Historically, a larger emphasis in studying this 
subset probably lies in our ability to compare simple models of the ICMEs with this 
magnetic topology. 
 
The smooth rotation of the magnetic field is thought to be an indication of a helical field 
structure. Models for MCs have predominately centred on identifying the magnetic 
topology by fitting flux ropes. In cylindrical geometry (r, , z), the solution to the 
Helmholtz equation (equation 1.18) provides the magnetic field components of a flux 
rope 
                                             rJBrJHB  0010 ,,0B          .                              (2.4) 
 
Here, J0 and J1 are Bessel functions of the zeroth and first order; B0 is the magnetic field 
intensity at r=0 (i.e. along the axis);  is the same constant defined in equation 1.18 and 
has units of m
-1
. H refers to the chirality of the rope by indicating the sense of twist 
relative to the axis (i.e. clockwise or anticlockwise). Figure 2.16 displays the results of 
these Bessel functions by varying the independent variable r.  
 
Figure 2.16. Plot of the Bessel function for zeroth (first) order in red (blue). Results are 
displayed as a function of a dimensionless quantity x= r. Often during the modelling 
process alpha is set to 2.41- the point where the field becomes completely poloidal with 
no axial component. Note that at this point the first order Bessel function is not quite at 
a maximum. 
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Figure 2.17 shows a schematic for the magnetic configuration of a flux rope with the z 
direction pointing along the axis of the cylinder. Modelling the field rotation was first 
undertaken by Burlaga [1988] using a constant value of alpha and deduced a first order 
approximation of the ICMEs axial magnetic field and axis orientation. Later Lepping et 
al. [1990] optimised the flux rope fitting to a survey of 18 MCs. 
 
In essence, flux ropes can be considered as a subset of MCs by only satisfying the 
magnetic field profile and not the low temperature plasma. Several studies have 
surveyed many ICMEs in an attempt to estimate the fraction of all ICMEs that possess 
flux rope or MC signatures. The results have varied between ~15% to 60% [e.g. 
Gosling, 1990; Bothmer and Schwenn, 1995; Richardson et al., 1997]. Cane and 
Richardson [2003] also showed a solar cycle dependence, with ~60% of ICMEs 
categorised as MCs at solar minimum and ~15% for solar maximum. There has been 
some debate that these figures should be larger by arguing that glancing blows of MCs 
may not actually provide the required signature [Marubashi, 2000]. 
 
 
 
 
Figure 2.17. Schematic of the magnetic field of flux rope whose components are 
generated from the Bessel function. The field lines are shown in blue, with the structure 
of the flux rope as black cylinders. Adapted from Luhmann [1995]. 
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Chapter 3 
 
Instrumentation and Techniques 
 
 
 
Possible Earth impacts affect a wide range of human activities, and understanding CME 
phenomena from launch to Earth impact is clearly a major goal in solar and heliospheric 
physics. There are currently a number of operational spacecraft making solar and 
heliospheric observations, including the ESA/NASA Solar and Heliospheric 
Observatory (SOHO); JAXA Hinode satellite; The Coriolis spacecraft with the U.S. Air 
Force Solar Mass Ejection Imager (SMEI) onboard and the NASA Solar Terrestrial 
Relations Observatory (STEREO), launched in October 2006. A substantial amount of 
research carried out in this thesis involves using the Heliospheric Imager (HI) cameras 
onboard STEREO. The underlying goal of HI is to track CMEs in interplanetary space 
along the Earth – Sun line. For this reason the sections below include the basic design 
specifications of the instrument and a few of the techniques used in identification of 
CMEs. Also included is a brief description of various other spacecraft instruments used 
in this thesis; and analysis of modelling techniques of three different flux rope fittings to 
in situ magnetic field data. These models were replicated to analyse the global features 
of CMEs measured in situ. 
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3.1 Heliospheric Imager Cameras 
 
STEREO is a two spacecraft mission operating in solar orbits at approximately 1AU. 
One spacecraft is leading ahead of (S-A) and the other trailing behind (S-B) Earth 
during its operation [Kaiser et al., 2008]. Each spacecraft is separating away from Earth 
at a rate of 22.5 per year, thus providing vantage points from which the Earth-Sun line 
can be viewed. To enable the annual increase in separation the S-A (S-B) spacecraft is 
located slightly inside (outside) Earth’s orbit, as displayed in figure 3.1b.  
 
This instrument package includes two cameras, HI-1 and HI-2, and is part of a larger 
multi-instrument remote sensing package, known as SECCHI (Sun-Earth Connection 
coronal and Heliospheric Investigation) [Howard et al., 2008]. The other scientific 
instruments in the SECCHI package are an Extreme Ultra-Violet Imager (EUVI), which 
images the chromosphere and low corona out to 1.7 Rs (solar radii) in four emission 
lines between 17.1 and 30.4nm; and a pair of traditional white-light coronagraphs 
(COR-1 and COR-2) covering the regions between 1.4 – 4Rs and 2.5 – 15Rs in the 
plane of the sky (POS), respectively.  
 
The geometrical layout of the fields of view of the COR-2 instruments together with the 
HI cameras is shown in figure 3.1a. The diagram along with figure 3.1b shows that the 
field of view allows for continual observations from the corona to terrestrial distances. 
The COR instrument’s field of view is adjacent to but overlapping with the inner HI-1 
camera. There is also a significant overlap between the HI-1 and HI-2 cameras, 
permitting photometric cross-calibration of the instruments. The Sun-centred 
coronagraphs view all solar latitudes whereas the HI cameras are limited to a maximum 
of 35 perpendicular to the ecliptic plane. 
 
The square design of the HI detectors results in some response in the regions indicated 
by the dotted lines, even though the optical designs are optimised for circular fields of 
view with diameter 20 and 70 for HI-1 and HI-2, respectively.  
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Figure 3.1b serves to illustrate a 2D configuration of the imaging coverage of the 
heliosphere by the cameras, but it is important to note that the two spacecraft are 
spatially separate. This stereographic view from both spacecraft, once they are well 
separated, will cover common areas of the heliosphere. As indicated by the figure which 
shows the spacecraft projected onto the ecliptic plane, 3D reconstructions of CMEs can 
be attempted. 
 
 
Figure 3.1. a) Schematic for the relative fields of view for COR 2 instrument as well as 
the HI cameras on both spacecraft. This is a 2D representation of the fields of view. As 
they separate, the STEREO HI cameras begin to view common areas of the heliosphere. 
Here the diagram is Sun-centred and looking from the spacecraft towards the Sun. b) In 
heliocentric Earth ecliptic Cartesian coordinates, the HI cameras’ fields of view on 1 
October 2008 are displayed. Taken from Eyles et al. [2009]. 
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3.1.1 Design concept 
 
The camera casing onboard the spacecraft is essentially a cuboid with a door and a 
length of about 800mm. This door was utilised to protect the optical and baffle systems 
during operations, launch and initial cruise phase. It was designed to open once during 
the instrument commissioning and remains open thereafter. An assembly of baffles are 
used to enable imaging of faint, diffuse objects in the heliosphere. This basic technique 
for the purpose of viewing these objects was modelled on the design of the SMEI 
instrument [Eyles et al., 2003; Jackson et al., 2004; Eyles et al., 2009]; however there 
are a few significant differences between these instruments. The HI package involves 2 
cameras and each is mounted on a three-axis stabilised spacecraft, with a fixed field of 
view towards the Sun-Earth line. The two cameras are contained deep within the baffle 
system (see figure 3.2), and the Sun remains below the vanes of the forward baffles. The 
detectors are charge-coupled detectors (CCDs) which are passively cooled by radiators. 
 
The boresights for the HI-1 and HI-2 cameras are nominally set at 14 and 53.7 
elongation (the angle away from the Sun) in the ecliptic plane, with a field of view of 
20 and 70, respectively. By using this design an overlap of about 5 solar elongation 
angle between the fields of view allows cross instrument calibration as well as a 
complete coverage along the Sun-Earth line, from 4 to 88.7 elongation. The spectral 
response for both cameras is designed to view faint transients in visible light. The 
bandpass of the inner HI-1 camera was designed to approximately match that of COR-2. 
On the other hand the HI-2 camera was designed to have as wide a spectral response as 
possible to maximise the weak coronal signal found at large solar elongations.  
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Figure 3.2. a) The design concept of the Heliospheric Imager instrument. (b) A cross-
sectional view of the instrument displaying the wide-angle field of view. Taken from 
Eyles et al.[2009]. 
 
 
Both HI detectors are CCDs with 2048 x 2048 pixels, where each pixel has a size of 
13.5 x 13.5 m. The computer system onboard the spacecraft, as part of the SECCHI 
package, usually bins the individual pixels into groups of 2 x 2 per image, thereby 
providing images of 1024 x 1024 bins on the telemetry down-link. The resulting angular 
size of each image bin is therefore 70 arc-sec and 4arc-min, for HI-1 and HI-2 
respectively. The performance specifications for HI are listed in Table 3.1. The rate of 
cosmic rays hits on the pixels would compromise the image if a single exposure was 
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allowed to be carried out for the required length. For this reason multiple exposures 
with shorter durations are used to clean the images of cosmic ray hits. 
 
HI-1 HI-2
Direction of centre of field of view from the Sun centre 14° 53.7°
Angular field of view 20° 70°
Angular range (Rs= solar radii) 4° - 24 18.7° - 88.7°
(15 - 90 Rs)
a
(70 - 330 Rs)
a
CCD pixel image 35 arc-sec 2 arc-min
Image array (2x2 binning) 1024x1024 1024x1024
Image bin size 70 arc-sec 4 arc-min
spectral bandpass 630 - 730 nm 400 - 1000 nm
Brightness sensitivity (B0- solar disc) 3x10
-15
 B0 3x10
-16
 B0
Stray-light rejection (outer edge of field) 3x10
-13
 B0 10
-14
 B0
a
 Measured in the plane of the sky relative to the viewing location.  
Table 3.1.  Overview of the performance specifications for the HI instruments. Adapted 
from Eyles et al.[2009]. 
 
 
 
3.1.2 Baffle Design 
 
By studying the K-corona (which is the photospheric light scattered from free electrons) 
and the F-corona (which is scattered light from interplanetary dust around the Sun) as a 
function of elongation away for the Sun (along the ecliptic plane), it is immediately 
evident that the total coronal intensity is about two orders of magnitude brighter than 
the anticipated CME signal. As a consequence of this fact, in order to extract the weak 
K-coronal transients one must define the basic operational requirements to 
accommodate for long exposures so that the CME signal is larger than the statistical 
accuracy of an approximate steady state background corona. The instrument stray-light 
level is required to be an order of magnitude lower than the coronal signal for the 
contribution not to be significant. As can be seen from figure 3.3, levels better than ~10
-
13
 solar disc intensity (Bs) for HI-1 and ~10
-14
 Bs for HI-2 are required. 
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Source Intensity (B/Bs)
Sun 1
Earth 10
-6
 to 10
-9
Planets (Venus) 10
-6
 to 10
-9
Stars 10
-9
 to 10
-11
Zodiacal light 10
-9
 to 10
-12
SWAVES antenna 10
-5
  
 
 
 
 
 
 
Table 3.2. Stray-light source intensities 
(incident on HI instrument). Adapted from 
Eyles et al.[2009]. 
 
 
 
 
Figure 3.3. The expected intensities of the 
corona and CMEs as a function of 
elongation within HI field of view. Taken 
from Harrison et al. [2008]. 
 
 
The baffle concept is key to reducing stray light to the required levels. The design 
consists of three subsystems which are called the forward, perimeter and internal baffle 
assembly; as shown in figure 3.2a. The main function of the forward baffle is to reject 
the solar disc light, reducing the stray light to the required intensities. The perimeter 
baffle is to reject stray light from the spacecraft; and the internal baffle to reject light 
from planets, stars, F-corona and the SWAVES antenna on the STEREO spacecraft. 
Table 3.2 provides the intensity levels of these objects. 
 
 
3.1.3 Data Processing and analysis 
 
With the exception of the occasional interruptions caused by the instrument calibration 
and other spacecraft operational modes, the observing programme for the HI is 
performed continuously throughout the mission. The full specifications of this 
programme are described by Eyles et al. [2009]. The major factors in its design included 
overall telemetry allocation; dynamic range considerations for individual image 
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exposure times; and the exposure sequence duration was chosen so that the drift of the 
star field through the field of view (~2.5 arc-min hour
-1
) corresponds to ~1 image bin; 
thus preventing significant smearing over the sequence.  
HI-1 HI-2
Individual exposure time 40 seconds 50 seconds
Exposure cadence 60 seconds 60 seconds
Number of images summed 30 99
Total exposure time 1200 seconds 4950 seconds
Exposure sequence duration 30 minutes 99 minutes
Summed image cadence 40 minutes 2 hours
Observing duty cycle 50% 69%
 
Table 3.3. The exposure and image timing parameters for normal observations. Adapted 
from Eyles et al. [2009]. 
 
 
Table 3.3 gives the exposure and summed image timing parameters for normal 
observations. For every 24 hour interval a full resolution (2048x2048 pixels) single 
exposure is normally taken with each camera in addition to the 36 summed images 
taken for HI-1 (or 12 for HI-2). This operation is carried out for performance 
monitoring. Due to mechanical accommodation constraints, the HI cameras do not have 
shutters. As the CCDs are designed under a full-frame format they remain exposed to 
the sky scene during the image readout process and also during the clear process prior to 
each exposure. Since the readout time of an image is significant compared with the 
typical exposure times, some smearing affects are created on the images during readout. 
Bright objects such planets and bright stars will have vertical ‘trails’ above their 
locations in the image. Bleeding of excess charge horizontally across columns is 
hindered by channel stops in the CCD structure 
 
Data from the HI instrument are available for downloading from several websites 
including the UK Solar System Data Centre (UKSSDC) based at the Rutherford 
Appleton Laboratory (RAL) (http://stereo.rl.ac.uk). The Level 1 (L1) data have been 
processed from the raw, uncalibrated instrument images extracted from the down-linked 
spacecraft telemetry. The processing is carried out by an IDL routine called 
  79 
 
 
 3. Instrumentation 
SECCHI_PREP and is available in the SolarSoftWare distribution. The default 
operation of this package carries out the following procedures: 
- Remove the cosmic ray scrubbing values (see section 5.3 in Eyles et al. [2009]) from 
the final row of the image. 
- Identify saturated columns, missing data blocks and insert appropriate data values. 
- Apply the correction for the shutterless readout of the cameras. 
- Apply a flat-field correction to the image. 
- Correct the pointing and optics parameter values in the headers. 
 
 
 
3.1.4 Background F-corona subtraction 
 
On time scales characteristic of CME evolution, the F-coronal background is essentially 
constant. This background must be removed from the L1 data in order to reveal faint 
transient features. There are two alternative techniques to achieve the desired results: 
The subtraction of a mean coronal background and the ‘running difference’ technique. 
 
The background coronal signal can be simply calculated by taking the minimum 
intensity measured in each pixel over a sequence of images. But for the time scale 
chosen it is important that the measured background signal remains constant. This 
implies the instrument pointing attitude must remain stable relative to the large-scale 
coronal structure. Appropriate time scales for the mean background vary from 1 to 
several days, up to a maximum of 27 days. If large features such as the Milky Way are 
within the field of view, a longer sequence of images may be required. An example can 
be seen in Figure 3.4 (see Eyles et al. [2009] for more details).  
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Figure 3.4. An illustration of the various stages of image processing from HI-1A taken 
on 25 January 2007. a) The raw image, b) After the application of SECCHI-PREP,  c) 
after removing the residual ‘blooming’ caused by saturation of pixels around the planets 
Venus and Mercury d) The mean coronal background has been subtracted to reveal a 
CME. Taken from Eyles et al. [2009]. 
 
 
 
The running difference method has been used extensively with coronagraph images to 
facilitate the investigations of faint transient motions in the K-corona [Sheeley et al., 
1997]. This method involves taking the difference in intensity between each image and 
the preceding one, on a pixel-by-pixel basis. In this scenario a propagating density 
fluctuation, as found in CMEs, appear as bright regions followed by dark regions to the 
rear.  
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3.1.5 Thomson sphere effect 
 
It has been well established that white light emission from the corona originates by 
Thomson scattering of the photospheric light by coronal electrons. The theory behind 
Thomson scattering is well understood and under certain assumptions enables the 
calculations of the number density of the electrons contained within the sphere 
[Vourlidas and Howard, 2006]. In the past, analysis of ejected material using traditional 
coronagraph instruments has almost always used the approximation commonly referred 
to as the ‘plane of sky’ assumption. Here, the plane of maximum scattering, the plane of 
the sky, and the plane of the solar limb coincide. However, this assumption begins to 
fail with increasing distance away from the Sun or for extended fields of view, as is the 
case for the HI cameras. 
 
Detailed treatment of Thomson scattering can be found in past literature [e.g. Vourlidas 
and Howard, 2006, and references therein], but briefly it is the elastic scattering of 
electromagnetic radiation by free electrons in a plasma. The electric field of the incident 
wave accelerates the particle, causing the particle itself to emit radiation at the same 
frequency as the incident wave, and thus causing the wave to be scattered. The particle 
will move in the direction of the oscillating electric field, with the scattered radiation 
most strongly directed in the plane perpendicular to its motion. This radiation will be 
polarized along the direction of its motion. As illustrated in figure 3.5, the important 
point in our discussion is that the observed scattered strength for a given electron 
depends on the angle , which is defined as the angle between the line of sight and the 
radial line between the Sun and the electron.  
 
The intensity of scattering from individual electrons varies as 1 + cos
2
(but the 
intensity of scattered emission detected at the observer is dependent not only on 
preferential direction from Thomson scattering but also on the path length between the 
Sun and the electron, the electron and detector, and the size of the scattering volume. 
The effects of scattering volume and electron-detector path cancel as one varies with the 
square of the distance while the other varies as an inverse square. As the Sun-electron 
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path length increases, the detected intensity drop-off decreases with a 1/r
2
 relationship. 
The combined effect results in a scattered emission that has a maximum strength when 
=90 – thereby creating a Thomson surface (or sphere when considering 3D) of 
maximum scattering.  
 
 
 
Figure 3.5. Thomson scattering geometry. Adapted from Vourlidas and Howard [2006]. 
 
 
The avid reader would realise that because a CME is a 3D structure the intensity 
generated on each pixel of each image is created by the integration of Thomson 
scattered light along the line of sight. This concept creates an asymmetry to our problem 
by stating that a larger detection of radiation will be observed for a CME travelling 
within the Thomson sphere, as opposed to outside it. This means the ability to detect 
CMEs, especially in the HI-2 camera, is dramatically reduced as soon as the transients 
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propagate outside the sphere; i.e. the intensity drop-off is more significant for CMEs 
with larger longitude () values. 
 
 
3.1.6 Time-elongation plots 
 
 
Figure 3.6. Top panel: presents combined differenced images from HI-1 and HI-2 on 
STEREO-A. The curved contours represent lines of constant elongation. Bottom panel: 
displays a time elongation map over the same period. The horizontal lines represent the 
position of Venus and its associated camera artefact. Taken from Williams et al. [2009]. 
 
As has been noted earlier, the plane-of-sky assumption of solar transients observed on 
coronagraphs is no longer applicable to the wide viewing angles of the HI cameras. For 
this reason, a technique has been developed whereby the radial velocity and the 
longitude direction of propagation relative to the spacecraft can be estimated. Sheeley et 
al. [1999] introduced the concept of height-time profiles from coronal images taken by 
the LASCO C2/C3 coronagraphs. This technique to characterise transients was more 
recently adapted to HI images by Sheeley et al. [2008a; 2008b] and Davies et al. [2009]. 
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Here the height is substituted by the more appropriate elongation parameter, where 
images from both HI-1 and 2 can be combined to provide continuous data from 4 
elongation to 74 in the ecliptic plane. The technique involves mapping the image 
intensity along a fixed solar radial from a series of running difference images as a 
function of time on the X-axis and elongation on the Y-axis. Figure 3.6 shows an 
example along the ecliptic plane. As any solar transient moves through the HI field of 
view, its elongation variation exhibits an apparent acceleration/deceleration that is 
dependent on the direction of travel. Figure 3.7 displays a schematic of how the 
difference of longitude would affect the profile of the travelling CME in a time-
elongation map.  
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Figure 3.7. Diagram showing how the longitude of propagation changes the apparent 
acceleration of transients. 
 
 
It has been observed that if one assumes that the transient propagates radially outwards 
at constant speed, the form of the elongation variation depends uniquely on the radial 
velocity, Vr, of the transient and the observer-Sun-transient longitude,  (see figure 3.8).  
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Figure 3.8. Quantitative description of the apparent acceleration seen if a transient 
moves at a constant radial velocity as described by equation 3.1. 
 
 
Sheeley et al. [2008a; 2008b] and Rouillard et al. [2008] have shown that the elongation 
variation is given by:  
 
                                       
 
   
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



 
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tVtr
tV
t
rA
r                                         (3.1) 
 
where (t) is the time varying elongation angle for a specific ’feature’ in the images; 
and rA(t) is the heliocentric radial distance of the observer, in this case STEREO-A. The 
value of  corresponds to the solar longitude difference between the spacecraft and the 
outflowing transient when the fitting is applied to a map extracted along the equatorial 
plane. A fitting technique compares the observational data points with various 
theoretical curves that vary the radial velocity and longitude. This comparison comes in 
the form of minimising the least square fit between the two. The technique used in 
defining the observational positions can be done by an automated tracking system or 
manually (these two techniques are explained further in the chapter 4 and 5). An error 
analysis of the time-elongation map using a Monte Carlo method has been carried out 
by Williams et al. [2009]. 
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On occasions when time-elongation maps are created along lines of propagation at 
latitudes away from the solar equatorial plane, an adjustment to the calculated longitude 
must be made  
 
                                               
   
  




 



cos
cossin
tan 1               .                          (3.2) 
 
Now to obtain the heliocentric longitude of travel for CMEs travelling off the solar 
equatorial plane, , the adjustment shown in equation 3.2 to thecalculated previously 
in equation 3.1 must be determined. Here,  is the inclination relative to the equatorial 
plane [Rouillard et al., 2009a], as shown in figure 3.9. These equations are used to 
predict the propagation direction of the CMEs analysed in chapter 4 and 5. The explicit 
technique is mentioned for each case individually. 
 
r.cos()
r.sin()
r.sin(). cos()

 
Figure 3.9. Schematic to show geometry of transients with propagation directions out of 
the solar equatorial plane. P is the position of the plasma packet. Adapted from 
Rouillard et al. [2009b]. 
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3.2 Magnetometers 
 
The detection of ICMEs has predominantly been carried out by in situ measurements 
onboard spacecraft. A particularly crucial identification of ICMEs is from a specific 
magnetic field signature when an ICME travels over a spacecraft. This signature is often 
referred to as a flux rope which also defines a subset of ICMEs found in interplanetary 
space. 
 
The flux-gate magnetometer (FGM) is a particular design of instrumentation used on 
many space-based observatories including PVO, ACE and Ulysses (data which will be 
analysed in this thesis). It is the FGM’s reliability and small mass that makes this design 
particularly useful for space plasmas. The basic design is to infer the ambient magnetic 
field along a particular direction from the asymmetry of the hysteresis loop created by 
an internally driven sense core and coil [e.g. Primdahl, 1979]. In order to reconstruct the 
direction and magnitude of the local magnetic field each instrument contains three 
orthogonal sensors. The resolution and reliability of these sensors does not vary 
significantly over the lifetime of the spacecraft [e.g Smith et al., 1998], for this reason 
further analysis of the instrument is not performed in this thesis. However, the reader 
can find a full description of the relevant magnetometer instruments below: 
 
ACE: [Smith et al., 1998]   Helios: [Musmann et al., 1985] 
PVO: [Russell et al., 1980]   STEREO: [Acuna et al., 2008] 
Ulysses: [Balogh et al., 1992]   VEX: [Zhang et al., 2006] 
 
 
 
3.3 Ion spectrometer 
 
An ion spectrometer is the second instrument of prime importance when studying 
ICMEs. The detection of bulk plasma parameters, e.g. flow velocity, proton density, 
proton temperature is important for determining many other characteristics of ICMEs. 
The basic principle of these instruments requires charged particles to enter an electric 
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field. The deflection generated by the electric field allows the energy per charge of 
particles to be measured. For further details of how these parameters are calculated 
please read the instrument design papers: 
 
Helios: [Rosenbauer et al., 1981] and [Schwenn et al., 1985] 
ACE: [McComas et al., 1998]  PVO: [Intriligator et al., 1980] 
STEREO: [Luhmann et al., 2008]  Ulysses: [Bame et al., 1992] 
 
These spacecraft have been sent into space to understand different aspects of our near 
space environment. Ulysses is to date the only spacecraft to have travelled significantly 
out of the ecliptic plane, travelling between ~1.3AU to ~5AU; ACE remains fixed at the 
L1 point; PVO and VEX are missions sent to investigate the Venusian environment; and  
the Helios mission consisted of two probes launched into heliocentric orbit between 
~0.3AU and 1AU. 
 
 
 
3.4 Flux rope modelling 
 
One of the main motivations for studying ICMEs out to 1AU is to gain a better 
understanding of their influence on the Earth’s magnetosphere. In order to forecast 
ICMEs interacting with Earth’s upper atmosphere we need to accurately determine the 
magnetic field topology of the CME. Simple determination of parameters from a fit to a 
model is one of the best ways to quickly estimate the global properties of an ICME. The 
first model to be successfully optimised to MCs was a ‘constant , force-free flux rope’ 
model by Lepping et al. [1990]. Since then, several other attempts have been made to 
improve the results between observations and models [e.g. Hidalgo et al., 2000; 
Mulligan and Russell, 2001;  Hidalgo et al., 2002]. In this thesis, three specific models 
were replicated to aid understanding of ICME morphology. These models are 
implemented in chapter 5 and are described below. 
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3.4.1 Constant  force-free (CAFF) flux rope model 
 
This model uses the simple cylindrical flux rope shown in figure 2.17 to model the in 
situ results. Therefore, equation 2.4 provides the magnetic field vector being described 
by Bessel functions. In fitting the flux rope model to the data, the first step is to estimate 
the orientation of the cylindrical axis. Then by determining the chirality and varying 
both the distance of closest approach and axial magnetic field strength as free 
parameters within a computational code, we are able to make predictions of the ICME 
parameters. 
 
The method employed to determine the MC axis direction involves a technique called 
minimum variance analysis, MVA [Sonnerup and Cahill, 1967]. MVA was originally 
developed to determine the local normal for a tangential discontinuity (TD) in the 
magnetic field. This method calculates the orthogonal set of vectors in which the 
variance of the magnetic field in question is at a minimum (e1), maximum (e3) and 
intermediate (e2) direction. For each of these eigenvectors there is a corresponding 
eigenvalue, often represented as 1, 3 and 2 respectively. A fuller description of this 
technique can also be found in Sonnerup and Scheible [1998] and Appendix A.1. 
 
For the purposes of investigating TDs the minimum eigenvector calculated provides the 
normal to the plane. Here, the ratios of eigenvalues (1) and the other two are of concern 
as they indicate the reliability in the normal. For investigating the axial direction of a 
MC, we must concern ourselves with the intermediate direction, with MVA applied to 
the time period that contains the flux rope only. Figure 3.10 shows how the magnetic 
field varies if a spacecraft were to travel through the centre of an ICME. The axis of the 
MC therefore lies in the intermediate direction, but the distinction of the field variance 
along the coordinate axes reduce as the spacecraft trajectory moves further from the 
central axis.  
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Figure 3.10. Schematic of a spacecraft travelling through the centre of a flux rope, from 
left to right. The implied in situ magnetic field is displayed on the right. The theoretical 
eigenvectors produced from MVA analysis has also been included over the interval.  
 
 
When investigating the intermediate direction, the eigenvalue ratios between 2/1 and 
3/ 2 are of concern. Ideally both the ratios should be >10, but recent work using MVA 
have shown ratios of greater than 2 are adequate in the ICME context [Bothmer and 
Schwenn, 1998]. If the ratio of either 2/ 1 or 3/ 2 is small then the axial direction 
becomes ambiguous within the plane of the two eigenvectors. 
 
The scenario above is described for the ideal case, where the spacecraft passes through 
the centre of the flux rope. However, this is usually not true. The distance of closest 
approach, Y0 is an important parameter in determining the predicted field profile and 
defined as: 
              
ropefluxofradius
cedisapproachclosest
YparameterapproachClosest
tan
, 0                    (3.3) 
 
Thus Y0 varies between 1 and -1 for a spacecraft travelling above and below the MC 
centre, respectively. Rees [2003] simulated idealised flux ropes with spacecraft 
trajectories away from the centre and then carried out MVA analysis over the time 
profiles. He found that the error in the axis angle increased with an increasing |Y0|. The 
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results suggest that an impact parameter of >0.5 should be dealt with caution as an error 
may be of the order of ~10.  
 
High frequency noise is a source of error for MVA in the ICME context. The process 
analyses the variance in the magnetic field, therefore large noise fluctuations can yield 
incorrect eigenvectors. To limit this effect, 10 or 15 minute averaged data are often used 
when fitting a modelled rope to the data. Lepping et al. [1990] used one hour averaging 
to his data, but in recent years the computational technique has moved to using 10 or 15 
minute averaged resolutions. It has been shown for ‘good’ events the time resolution 
between 10 and 60 minutes has a negligible effect on the axis orientation [Lepping et 
al., 2003]. Subtly, the lower resolutions are often used for large events, with a reason to 
maintain the total data points within the MC to about N=40 [Lepping et al., 2006]. 
Although this is not essential, it is desirable when comparing various cases against each 
other in a statistical manner.  
 
To obtain the best fit results between the model and data, the rope axes are sometimes 
implemented as free variables [e.g. Lepping et al., 1990; Owens et al., 2006]. In this 
scenario, a computational technique allows the axes to vary. But often the axes created 
by MVA are used as the initial starting conditions. The method employed in this thesis 
is simply to use the MVA vectors generated, as this speeds up the computational speed 
considerably.  
 
 
3.4.2 Optimisation of model free parameters 
 
Once the axis of the model MC is determined, the in situ magnetic field data are rotated 
into the frame of the MVA axes. A sequence of flux ropes are then created and 
compared to the data by analysing the least square fit (LSF) coefficient. The LSF 
parameter measures how well each rope fits to the data and is defined as: 
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Here the subscripts r, t, n refer to an arbitrary Cartesian coordinate system; superscripts 
d, m refer to data and model, respectively; and N is the number of field vectors within 
the MC. 
 
The time interval between the start and end of the MC is identified manually by eye (in 
this thesis, it has predominately been done with magnetic field signatures; see section 
2.4.1 for more details). This defines the data range which is compared to the model and 
fixes the size of the MC model. By using the distance of closest approach, the axial field 
strength and chirality (a concept of rotation in the magnetic field, either clockwise or 
anticlockwise) as free parameters, various simulated MCs can be generated. Each 
simulated MC is compared to the data by measuring the LSF defined in equation 3.4. 
The simulated MC with the smallest LSF value is regarded as the best fit result. The 
free variables that create the model are varied by using a downhill simplex method 
developed by Nelder and Mead [1965]; this is a non-linear optimisation routine 
designed to minimise the LSF values. This approach is faster than a standard grid search 
and can be easily manipulated to determine the free variables to larger significant 
figures. 
 
The solutions obtained from the CAFF model were produced from minimising LSF 
coefficient. This minimum was confirmed to be a global minimum as no other local 
minimum exist for the physical situation of -1<Y0 <1. This was confirmed by testing the 
model on several ICMEs and plotting the LSF parameter against both free variables. 
 
The optimised free parameters are the outputs of the model. These results are used again 
to re-create the optimised model. The model field vectors are then rotated into the 
spacecraft frame and plotted on top of the observed data for visual confirmation. An 
example fit of the model is shown in Figure 3.11 from Venus Express data; results from 
this work were used to contribute to the publication of Rouillard et al. [2009a]). The 
observed enhancements in the magnetic field with a periodicity of ~24 hours are due to 
the spacecraft circling the planet and entering the induced-magnetospheric tail. This 
creates an enhanced magnetic field in the radial direction which is removed prior to 
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model calculation. This model has also been used to show a small-scale magnetic cloud, 
with a flux rope topology, was embedded within a CIR by using STEREO in situ 
measurements [Rouillard et al., 2009b]. 
 
 
Figure 3.11. In situ magnetic field data from the Venus Express spacecraft during 2007. 
The data are averaged to 10 minutes resolution. The magnetic field is displayed in 
Cartesian coordinates in the top three panels and then spherical coordinates in the 
bottom three. The best fit model results are plotted in purple on top of the data (blue). 
 
 
It is worth noting here that the CAFF model described above assumes a static ICME. 
That is to say, the model plotted shows a time series obtained by taking a radial cut 
through a flux rope at a fixed time. Many ICMEs observed at terrestrial distances take 
~24hours to transit over a spacecraft, therefore it is important to note that the ICME 
‘seen’ at the end of the transit has now evolved and is different to the same object at the 
beginning of the transit. A more accurate representation would be to include a time 
series of a flux rope evolving in time past a fixed point in space.  
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3.4.3 Self similar expanding flux rope model 
 
An improvement on the CAFF model is to include an expanding aspect to the rope 
model. Many MCs observed at 1AU have been seen to be expanding on the basis of a 
gradually declining speed profile through the MC or an asymmetric profile of the 
magnetic field magnitude (see section 2.4.1h). A self-similar expansion was proposed 
for the transients; and this was reasoned on the basis of magnetic pressure acting 
symmetrically from the central axis of the rope. 
 
Figure 3.12. Magnetic field profiles for an expanding flux rope model. This is replicated 
from a modification to the Bessel function as dictated by a geometrical change to the 
constant alpha force-free model [Marubashi, 1997]. The date and time are arbitrary.  
 
 
The method used, was one of examining the geometry of the rope. The fundamental 
mathematics created from equation 1.17 still remains, but an additional time dependent 
geometrical term is added to imitate the expansion property. Therefore, even though the 
outer shell of the flux rope is larger at the end of the time series than at the beginning, 
the flux rope is still force free and static (at least for a fixed point in time). The 
equations of state used for this model were first developed by Marubashi [1997]: 
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Here the same variables as CAFF are used; t is time starting from when the spacecraft 
enters the ICME; is defined as the distance from the central axis in the direction of the 
spacecraft path, and is a function of time ( = R0-Ut). 
 
The model limits the cross section to remain circular, such that R0 is the radius of the 
rope at the point when the spacecraft first reaches the leading edge and t0 is the time for 
which expansion has preceded (i.e. assume the rope is expanding proportionally with 
distance and was a point source on the solar surface). 
 
Figure 3.12 and 3.13 show the results from replicating this self-similar expanding flux 
rope model. Figure 3.12 displays the ideal time profile of a rope whose axis is along the 
z direction. Here the spacecraft trajectory is close to the axis. This differs from the 
CAFF model by no longer being symmetric around the midpoint of the model. The 
magnitude of the magnetic field also has a profile that displays an ‘extended tail’. 
Figure 3.13 displays the optimal orientation of the model to a data set provided by 
STEREO B in May 2007. The seventh panel from the top displays the model replicating 
the observed linearly decreasing velocity profile. 
 
Again, this model is limited by the cylindrical morphology of the rope model. Therefore 
this model can be improved further; the kinematically expanding flux rope model tries 
to address this. 
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Figure 3.13. STEREO B May 2007 MC event, using 10 minute resolution. Black lines 
represent the best fit model for an expanding flux rope model based on the geometry 
developed by Marubashi [1997]. The panels, from top to bottom, represent three field 
components in RTN coordinates system, three field components in spherical system, 
proton velocity, number density of protons, temperature and plasma beta. 
 
 
 
3.4.4 Kinematically expanding flux rope model 
 
The basic structure created by the CAFF model has proven invaluable in providing the 
first attempt at describing an ICME morphology and magnetic topology. However, it is 
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clear this is not entirely accurate; as described earlier in section 2.3.1. Figure 2.7 shows 
a schematic of a CME propagating outward by flowing radially away from the Sun, 
embedded within the solar wind; this contortion created by its propagation leads to a 
basic understanding that the cylindrical symmetry is an over simplification. 
 
Non-circular models have been developed to address this issue by generally relaxing the 
restrictions imposed onto a cylindrical cross-sectional structure. By doing so, to fit the 
models an increase in the number of free parameters is used. While an increase in free 
parameters is able to provide a better ‘fit’ by reducing the LSF (defined in equation 3.4), 
it is still unclear if the reconstruction of the morphology is more accurate [Riley et al., 
2004]. The study by Riley et al. [2004] did not look into a statistical analysis of flux 
rope fittings, but looked into the reliability of the predictions if different modellers were 
given a times series of a simulated CME which included ‘noise’. 
   
Figure 3.14. A schematic to represent the geometry used in a kinematically distorted 
flux rope model. Here, the initial cylindrical flux rope starts at heliocentric distance, h0. 
Each point on the flux rope is then subjected to two different velocities: bulk flow (VTR) 
along the R direction, and expansion velocity, Vex. Taken from Owens et al. [2006]. 
 
 
The model developed by Owens et al. [2006] tries ‘to relax the circular cross-section 
approximation but in a way consistent with the physics of MCs’ (referred to as the 
Owens model from hereon). This model, schematically illustrated in figure 3.14, 
assumes the initial conditions of the flux rope in the low corona are identical to the 
CAFF model (i.e. idealised cylinder). As the structure evolves into the heliosphere, the 
magnetic forces are ignored and the object propagates under the dominant force of the 
  98 
 
 
 3. Instrumentation 
flow momentum [Schmidt and Cargill, 2001; Riley and Crooker, 2004].  As ICMEs are 
often observed to be expanding at 1AU, two separate motions of the structure are 
investigated: the bulk speed, as is undergone by the ambient solar wind, and self-similar 
expansion centred about the flux rope axis. By considering evidence that CMEs 
observed from coronagraphs are often seen to conserve angular width [St Cyr et al., 
2000; Schwenn et al., 2005], the expansion of the flux rope model in the non-radial 
(from the Sun) direction is ignored in this model. 
 
 
Figure 3.15.  Morphology of a flux rope that initially started cylindrically at a 
heliocentric distance of 2 Rs. The final shapes are displayed at 1AU for varying values 
of A (the ratio of expansion to bulk speed). 
 
 
In the Owens model, arbitrarily changing the value of the CME’s bulk speed does not 
change the morphological structure of the object at a fixed distance. It merely changes 
the transit time taken to arrive at any specific heliocentric distance. In order to change 
the morphology, the ratio of expansion to bulk speed (A) must vary. The Owens model 
considers this parameter as constant at all heliocentric distances, although not physically 
true, it is suitable to first approximation. The results of the model are displayed in figure 
3.15, and show the changing eccentricity of a flux rope model as the expansion speed 
changes. The resulting morphology of the model is investigated in more detail in 
Chapter 5; and includes emphasis on the implications of a CME travelling through a 
non-uniform background solar wind speed. 
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3.5 Venus Express Survey 
 
As in situ observations only provide information along the trajectory of the spacecraft, 
their real 3D morphology remains partially unknown. For this reason, whenever 
analysis of a case study event is undertaken it is important to be aware of any other 
spacecraft in suitable locations and able to take measurements. For this reason, in order 
to complement the events studied throughout this thesis, an analysis of the magnetic 
field data from Venus Express (VEX) was carried out over the period of 24 April 2006 
to 31 December 2008. Table 3.4 provides a list of possible ICMEs observed in situ. 
Since only the magnetic field and not the plasma data were available with 24 hour 
coverage, only the field data were used in this study. Therefore, other possible ICME 
events may have been excluded if they possessed only plasma signatures described in 
section 2.4.1. For this reason, the ICME list provided below is not a comprehensive 
survey but an indication of the numbers being observed. The start and end times 
provided are similarly an approximation to the nearest half an hour.  
 
By providing a single table of all possible ICMEs observed in the vicinity of Venus, this 
list serves as a useful tool when used in conjunction with the STEREO Heliospheric 
Imagers and in situ instruments. For example, Rouillard et al. [2009a] were able to 
continuously observe a CME from the solar corona (using a coronagraph) out to the 
planet Venus, where the ICME was detected in situ (see figure 3.11). The simple flux 
rope model described in Section 3.4.1 was used to provide first order parameters of the 
axis orientation, axial magnetic field, distance of shortest approach and chirality. 
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CME start CME end
Year Date Time (UT) Date Time (UT)
2006 July, 01 12.00 July, 02 00.00
July, 04 21.00 July, 05 12.00
July, 17 06.00 July, 18 09.00
August, 15 00.00 August, 16 12.00
September, 10 17.00 September, 11 21.30
November, 24 00.00 November, 24 12.00
December, 22 09.00 December, 24 00.00
2007 January, 12 09.00 January, 13 06.00
February, 13 14.00 February, 14 09.00
March, 27 06.00 March, 28 00.00
May, 24 12.00 May, 26 00.00
June, 03 12.00 June, 04 00.00
June, 08 00.00 June, 08 15.00
June, 16 04.00 June, 17 08.00
July, 16 08.00 July, 17 21.00
July, 30 12.30 July, 31 01.00
October, 12 14.00 October, 13 00.30
December, 08 00.00 December, 09 12.00
2008 January, 02 10.00 January, 02 23.30
February, 15 17.00 February, 16 05.30
April, 23 23.30 April, 24 17.00
May, 26 06.30 May, 26 21.35
December, 11 04.30 December, 11 23.00
December, 29 14.30 December, 30 08.00
 
Table 3.4. ICME list from the VEX magnetometer between 2006 – 2008 
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Chapter 4 
 
Radial expansion of a CME 
 
 
 
4.1 Summary 
 
On the 15-17 February 2008, a CME with an approximately circular cross section was 
tracked through successive images obtained by the HI instrument onboard the S-A 
spacecraft. Reasoning that an idealised flux rope is cylindrical in shape with a circular 
cross-section, best fit circles are used to determine the radial width of the CME. This 
chapter therefore tracks the morphological growth of a single CME by implementing 
the idealised scenario. As part of the process the radial velocity and longitude of 
propagation are determined by fits to elongation-time maps as 252 5 km/s and 70  5 
respectively. With the longitude known, the radial size is calculated from the images, 
taking projection effects into account. The radial width of the CME, S (AU), obeys a 
power law with heliocentric distance, R, as the CME travels between 0.1 and 0.4 AU, 
such that S=0.26R
0.6 0.1
. The exponent value obtained is compared to published studies 
based on statistical surveys of in situ spacecraft observations of ICMEs between 0.3 and 
1.0 AU, and general agreement is found. This chapter demonstrates the new 
opportunities provided by HI to track the radial width of CMEs through the previously 
unobservable zone between the LASCO field of view and Helios in situ measurements. 
  102 
 
 
 4. Radial expansion of a CME 
 
4.2 Introduction 
 
Most present models postulate CMEs are initiated by a loss of equilibrium within the 
solar magnetic field [Forbes et al., 2006; MacNeice et al., 2004]. Coronagraph 
observations of CMEs events have uncovered a large variability in their speed, size, and 
structure [St Cyr et al., 2000]. Their speeds and other properties, as measured in situ by 
heliospheric spacecraft, also exhibit large event-to-event variability [Cane and 
Richardson, 2003; Richardson and Cane, 2004]. Using both types of observations, CME 
properties have been investigated at different distances as they evolve through the 
heliosphere [e.g. Sheeley et al., 1985; Bothmer and Schwenn, 1996] 
 
Various attempts have been made to classify CMEs. On the basis of their speed and 
acceleration profiles in coronagraph observations, CMEs have been categorized into 
two principle types – broadly speaking, fast CMEs typically associated with flares and 
type II bursts, and slow CMEs typically associated with the streamer belt and eruptive 
prominences [Sheeley et al., 1999]. While these studies were indicative, they are by no 
means conclusive. This chapter will concentrate on a single CME with the latter 
behaviour. Until recently remote observations of CMEs (and associated modelling) 
were limited to a maximum plane of the sky distance of 32 RS, the field of view of the 
LASCO instrument on the SOHO spacecraft [Brueckner et al., 1995]; see section 2.1 for 
more details. The sensitivity of the LASCO coronagraphs [Brueckner et al., 1995] is 
such that detailed circular striations have been observed within the cavity, suggesting 
the presence of a helical magnetic flux-rope structure [Dere et al., 1999]. This 
underlying geometry has been used to identify several CMEs as ‘flux-rope CMEs’ 
[Chen et al., 1997; Krall and St Cyr, 2001; 2006]. Observations of magnetic flux for 
these structured CMEs near Earth have been used to infer that these flux-rope CMEs 
near the Sun are magnetically driven [Vourlidas et al., 2000]. Further work has been 
carried out to show CMEs propagating and expanding in a self-similar manner 
[Cremades and Bothmer, 2004; Cremades et al., 2006], lending themselves to be 
modelled with a flux rope of circular cross section [Thernisien et al., 2006; Wang and 
Sheeley, 2006]. 
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An abundance of observational information about CMEs is available both from 
coronagraph instruments, out to 30 RS, and in situ data from various spacecraft which 
have explored the heliosphere beyond 0.3 AU. However there is a key observational gap 
in our understanding of CME evolution and propagation into interplanetary space 
between these two distances [Forsyth et al., 2006]. Interplanetary Scintillation (IPS) 
[Watanabe and Schwenn, 1989] is another technique which can provide remote sensing 
of CMEs in this intermediary distance range. IPS provides indirect information within a 
wide range of distances, but there are difficulties in analysis and interpretation arising 
from integration along the line-of-sight. While 3-D modelling techniques for IPS have 
been used to deduce the density structure and velocity profiles of CMEs [Jackson et al., 
2007], more detailed analysis of CME size remains problematic. 
 
Previous in situ observational studies of the expansion properties of the interplanetary 
counterpart of CMEs (ICMEs) at 1AU showed not only that radial expansion was a 
common feature of these transients [Klein and Burlaga, 1982; Bothmer and Schwenn, 
1998; Hidalgo, 2003; 2005], but indeed, a large percentage of magnetic clouds (a subset 
of ICMEs identified by a specific in situ magnetic field profile) were seen to be 
expanding [Lepping et al., 2008]. This expansion can result from a number of processes 
or some combination thereof. For example, an ICME may expand simply because the 
leading edge was ejected from the Sun at a speed greater than the trailing edge [Gosling 
et al., 1998; Tripathi et al., 2006].  
 
The expansion of ICMEs in the anti-sunward direction has previously been quantified 
using statistical surveys from multiple spacecraft over a distance range of 0.3 to 5.4 AU 
from the Sun [Bothmer and Schwenn, 1994; Liu et al., 2004; Wang et al., 2005]. These 
studies have estimated the radial expansion in the form of a power law variation of 
CME radial width as a function of heliocentric distance. This approach does not, 
however, track the radial expansion of a single event, instead inferring expansion from 
average ICME radial extents at differing heliocentric distances. As transients have a 
wide range of different sizes and speeds, this leads to a large scatter in the inferred 
expansion. This chapter takes an alternative approach by exploiting the STEREO 
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Heliospheric Imagers to study the radial expansion of a single CME as it propagates 
through the field of view of the cameras. Using the STEREO HI camera, we measure 
the radial size of this CME between 0.14 – 0.41 AU, thereby filling the observational 
gap between coronagraph images and the closest in situ measurements to the Sun, 
provided by the Helios spacecraft [Schwenn, 1990]. 
 
 
 
4.3 Observations 
 
 
From 15 to 17 February 2008, the interval of interest in this chapter, the two STEREO 
spacecraft were separated from each other by about 45.7°. Figure 4.1 displays the 
combined field of view for the two cameras onboard STEREO-A as the range between 
the solid red lines. The shaded area indicates the field of view of the inner HI-1 camera. 
The fields of view are centred at 13.7° and 53.4° elongation from the Sun and have an 
angular extent of 20° and 70°, for HI1 and HI-2 respectively. As a reminder, the 
elongation is defined as the angle between the line-of-sight and the line to the Sun-
centre. The HI package allows continuous tracking of solar transients from 4 degrees 
elongation out to Earth. Further information on the instrumentation of HI and the 
techniques used here can be found in chapter 3. 
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Figure 4.1. The trajectories of all the spacecraft that were local to the Feb 2008 CME 
path, projected into the x-y plane in the HGI coordinate system (see main text). The 
orbit of Venus is displayed but the planet was positioned in another quadrant. The red 
lines demark the field of view of the HI cameras onboard STEREO-A, with the shaded 
region encompassing the field of view of HI-1.  
 
 
In order to isolate the motion of the weak K-coronal features a running difference 
technique is often used [Sheeley et al., 1997]. This technique virtually eliminates the 
dominant F-corona signal, as the F-corona is stable over the image cadence of both 
cameras [Davies et al., 2009]. This technique is therefore able to both highlight the K-
corona which is illuminated via Thomson scattering, and expose the density 
enhancement/depletion regions created by transients moving on a short time scale. 
Running difference images show regions of enhanced/depleted electron density relative 
to the previous frame as light/dark areas. As this technique may also amplify artificial 
changes in pixel intensity, care must be taken when considering the boundaries of ‘real’ 
physical structures. This is because, for example, an observed white/ black boundary 
may not be exactly the trailing edge but in fact the ramping down of density within the 
rear boundary. 
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Using archived data from the STEREO HI instruments (UK solar system data centre, 
UKSSDC), found online at www.ukssdc.ac.uk, we carried out an initial survey of CMEs 
over the period of 2007-2008, seeking candidate events suitable for this study. From 
these results only one CME was observed to possess an approximately circular cross 
section, suggestive of a flux rope with an axis nearly perpendicular to the sky plane. 
This event entered the field of view of the HI-1 camera on STEREO-A (HI-1A) at 17.29 
UT on 15 February 2008, and became too dim to track by the time it had reached the 
middle of the HI-2 field of view by 02.09 UT on 19
 
February 2008.  
 
As a movie cannot be represented in this work, a montage of every ninth image 
produced by the HI-1 camera is shown in figure 4.2. The reader will notice the images 
are shown using the running difference technique during the transit of the CME. Here, 
the figure displays the changing morphology of the CME as it enters and leaves the field 
of view, and for clarity the rear edge of the CME is indicated in each panel with a red 
arrow. 
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18.09 UT, 15 Feb 00.09 UT, 16 Feb 06.09 UT, 16 Feb
12.09 UT, 16 Feb 18.09 UT, 16 Feb 00.09 UT, 17 Feb
06.09 UT, 17 Feb 12.09 UT, 17 Feb 18.09 UT, 17 Feb
00.09 UT, 18 Feb 06.09 UT, 18 Feb 12.09 UT, 18 Feb
Rear edge 
of CME
 
Figure 4.2. Images from HI camera onboard STEREO-A showing the transit of a CME 
in 2008. This montage of images is a collection of every ninth frame taken by HI. These 
images are displayed using the running difference technique, with the time displayed at 
the bottom of each image. 
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Figure 4.1 shows the position of the STEREO spacecraft in the x-y plane of the 
heliographic inertial, HGI, coordinate system on the 17 February 2008 when the CME 
was observed in the centre of the HI-1 camera. The HGI coordinates are Sun-centred 
and inertially fixed with respect to an X-axis directed along the intersection line of the 
ecliptic and solar equatorial planes; the Z-axis is directed perpendicular to and 
northward of the solar equator, and the Y-axis completes the right-handed set 
[Hapgood, 1992; Thompson, 2006]. During our investigation we also sought in situ 
observations of the CME to further constrain our assumptions. Although none were 
present, for the reasons of completeness the Messenger spacecraft is also displayed in 
figure 4.1. The estimated longitude of the CME trajectory is also shown; a full 
explanation on this calculation is discussed later with figure 4.4.  
 
 
Figure 4.3. A composite running difference image from the HI-1A and HI-2A cameras 
both taken at 08.09UT on 17 February 2008. The transit of the CME can be observed to 
be passing through both cameras. These images are shown in Helioprojective-cartesian 
coordinates (Thompson, 2006), with a line of constant PA=90. S marks the location of 
the Sun. 
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Figure 4.3 shows a composite image from HI-1 and 2 using the difference technique 
taken at 08.09 UT on the 17 February 2008. The image shows the Sun (labelled S) at the 
origin, and covers the heliosphere out from the east limb of the Sun as viewed from the 
STEREO-A spacecraft, centred about the ecliptic plane. The HI-1 camera field of view 
corresponds to the smaller square image closer to the Sun. At the time of this image the 
rear of the CME is observed in HI-1 while the front edge is beginning to enter the field 
of view of HI-2.  
 
A heliocentric coordinate system expresses the true spatial position of an identifiable 
feature in physical units from the centre of the Sun. There are a number of well- 
established heliocentric coordinate systems used in space physics, but there is no 
observation from a single perspective that can be said to be in a truly heliocentric 
coordinates system. A more precise coordinate system should recognize that 
observations are projected onto a celestial sphere [Thompson, 2006]. The 
helioprojective-cartesian coordinates is the projected equivalent to the heliocentric-
cartesian coordinates system; with the distance parameters x and y from the heliocentric 
system replaced by longitude (x) and latitude (y). 
 
 
4.4 Method 
 
Transients observed by the HI cameras do not necessarily propagate in the plane of the 
sky and thus their longitude of propagation relative to the observing spacecraft must be 
inferred in order to accurately determine the distance the CME has travelled away from 
the Sun, and to determine the true size of the CME within the image. As any solar 
transient moves through the HI field of view, its elongation variation exhibits an 
apparent acceleration/ deceleration. This technique was described in more detail in 
section 3.1.6, but briefly the form of the elongation variation depends uniquely on the 
radial velocity, Vr, of the transient and the observer-Sun-transient longitude, . Sheeley 
et al. [2008; 2008] and Rouillard et al. [2009] have shown that the elongation variation 
is given by equation 3.1. 
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The centre of the CME is observed to travel close to the solar equatorial plane. During 
the transit of this event, this plane is essentially a horizontal line bisecting the field of 
view from the HI-1A camera. This line is also displayed in figure 4.3 with a PA= 90. 
Therefore, for the purposes of this event, we are able to estimate the CME’s direction of 
propagation from equation 3.1 alone. The adjustment to the direction of propagation 
provided by equation 3.2 is not required for this study. 
 
Both the radial velocity and observer-Sun-transient longitude are treated as free 
parameters to be determined from a fit of equation 3.1 to the variation of elongation 
angle with time as described below. Figure 4.4a shows an elongation-time map 
constructed from the HI-1A and HI-2A difference images during the time period of the 
CME, created by taking a thin slice along the equatorial plane (PA of 90°) for each 
image. As explained in more detail in section 3.1.6, each slice in time is then stacked 
side by side such that a figure is created with time along the x-axis and elongation, , on 
the y-axis [Davies et al., 2009]. Figure 4.4a shows the elongation-time plots from HI-1 
and 2 aligned with each other, so that continual tracking of transients could in principle 
be achieved to an elongation of 88°. In this format, a solar transient moving anti-
sunward through the heliosphere will increase in elongation with time and thus create a 
sloping track that follows the density enhancement through the two fields of view. 
 
In order to track the feature that is identified with the CME, figure 4.4a was converted 
from an intensity map to a binary black and white image (see figure 4.4b), by setting an 
arbitrary fixed value of intensity as a threshold value such that any pixel brighter than 
this value changed to white and any pixel darker went black. This better highlights the 
passage of the CME. The threshold was chosen manually, with the intention of 
maintaining the CME trail intact for the longest possible uninterrupted length. By 
manually identifying a starting position on the black/white boundary, an automated 
procedure was then used to trace the boundary associated with the rear edge of an inner 
core of the CME (see figure 4.4c) to determine the elongation as a function of time. As 
discussed by Rouillard et al. [2009], for each particular combination of Vr and  the 
standard deviation, S, of the residuals between the observed elongation, ’(t), and a 
given fitted elongation variation, (t), derived from equation 3.1 is calculated.  
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The Vr and  assigned to the transient therefore corresponds to the two values that 
minimise the parameter S. This minimisation procedure was carried out by an 
unconstrained nonlinear optimization routine based on the Nelder-Mead method [Nelder 
and Mead, 1965].   
  
Figure 4.4. a) An elongation-time map constructed from running difference images 
along the equatorial line, PA=90. b) The elongation-time map converted to a binary 
black and white image to emphasise the tracks. c) Same as b except that the additional 
red line is the best fit boundary of the CME. The two optimised variables from equation 
3.1, longitude () and radial velocity (Vr), are displayed.  
 
 
In order to determine the uncertainty associated with our predictions for radial speed 
and propagation direction, a second procedure was used. This was an iterative process, 
whereby a profile of the S was computed over a range of  values from 0 to 90 while 
Vr was kept constant at the optimal result. This same procedure was then repeated for a 
range of Vr values from 0 to 1000km/s, while  was kept constant. The full width at half 
maximum (FWHM) was then calculated for each of these S profiles. A similar error 
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analysis was carried out by Williams et al. [2009]. These authors chose to fully 
investigate the S parameter over the full 2D space of the variables, thereby confirming 
the presence of a single global minimum. The standard errors, , of our estimated Vr 
and  values were then generated by the relation 
                                           2ln22FWHM                      .                             (4.2) 
 
The calculated standard error from equation 4.2 now provides the uncertainty limits in 
our propagation direction and radial speed. The best fit for the track shown in figure 4.4 
was found to be Vr =252 5 km/s and =70  5. Different lengths of the observed track 
were also tested to determine the impact on the optimised result; it was found that only 
including data from the HI-1 camera introduced large uncertainties due to lack of 
variation of the track shape over a wide range of Vr and . Using the largest data set for 
the track led to the least uncertainty, thus this was the approach taken. This is also in 
agreement with a recent investigation of time-elongation analysis undertaken by Davis 
et al. [2010]; they concluded that a CME should be tracked out to at least 30 
elongation.  
 
A clear limitation of this approach is the assumption of constant radial velocity of the 
CME in deriving equation 3.1. Gradual streamer CMEs tend to accelerate as they 
propagate out into the heliosphere [Sheeley et al., 1997; Sheeley et al., 2007]. Most 
tracks derived from LASCO Coronagraph 3 (C3) observations fit fairly well for a 
constantly accelerating CME [Yashiro et al., 2004]. However, most approach a constant 
velocity towards the outer edges of C3 located at 30 solar radii, ~0.14AU [Sheeley et 
al., 1999], which represents the position of the innermost result for this study. Analysing 
the velocity of a CME below 0.14AU can also be problematic if the expansion velocity 
is comparable to the bulk velocity; thus we assume the core of a gradually accelerating 
CME achieves essentially the same speed profile as the detached transients from the 
tops of streamers [Sheeley et al., 1997]. 
 
The left-hand column of figure 4.5 shows HI-1 images at three different times. There is 
a clear density enhancement at the rear of the CME propagating out into the heliosphere 
as indicated in the montage of figure 4.2. The first two time intervals also show a fainter 
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front edge density enhancement in the running difference image. To analyse the 
orientation and shape of this convex structure we must consider two observational 
effects: firstly, the relative position of the object to the Thomson sphere and, secondly, 
an integration of light intensity along the line of sight. 
 
 
Figure 4.5. a) Left Column: Three Images from HI-1A showing the transit of the CME 
through the field of view. b) Second Column: running difference images at the same 
times as those in the left column. c) Third Column: the difference images converted to 
binary black/white. A green track is shown following the rear end of the CME, and the 
optimal circle shown as a red dotted line. The centre of the circle is presented as a red 
cross. d) Right Column: displays the optimal red circle back onto the running difference 
images.  
 
 
 
A similar structure to that observed here has been demonstrated by simulations that 
scatter light from the surface of a curved, hollow tube whose ends are anchored back to 
the Sun. A model, cylindrical in shape with a circular cross section and plasma 
uniformly distributed over its surface, has been used to deduce the resulting line of sight 
distribution [Wang and Sheeley, 2006; Thernisien et al., 2006]. It shows that if the CME 
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propagates and expands anti-sunward with an axis perpendicular to the sky plane, a 
simulated image would display a faint circular shell, a U-shaped structure to the rear 
followed by an enhanced cone whose vertex remains attached to the Sun (see figure 
2.10). Observationally, our CME appears to posses similar properties to these, which 
lead us to consider measuring the radial width of the CME by fitting a circular profile. 
The elongation angle is close to the plane of sky allowing better estimation of the 
projection effects and justifying a simple circular representation.  
 
 
Figure 4.6. Displays of all nine images used to calculate the CME radial width using the 
circle method. Images are displayed in time order from left to right, top to bottom. The 
details of time and distances are shown in table 4.1. Green line displays the tracking 
boundary used. Red line shows the optimised circular fit. Three panels do not show the 
circular fit for clarity of technique (although these panels can be seen in figure 4.5). 
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The methodology used to determine the radial size of the CME as it travels anti-
sunward thus consists of superimposing circular shapes onto different images at 
different times (see figure 4.6). For this CME the curved shape of its rear end was more 
clearly defined than its front. Therefore the rear of the CME was mainly used to define 
the circular model used. The first step in the procedure was to convert a grey scale 
image into a black and white image by the same method used in figure 4.4b. 
 
The same boundary determination method used in figure 4.4c was again used to map the 
rear edge of the CME, shown in green in figure 4.5 and 4.6. Although the tracking 
procedure is automated, the starting position and the length of the track are set 
manually. For the earlier frames, this meant the length of the track was significantly 
smaller. This contour was then fitted to a circle and the result overplotted in red. As the 
CME in the later frames appeared to become more elliptical, the largest possible track 
length was not implemented. Instead, the track was carefully selected to maintain the 
centre of the circular model close to a PA of 90. Figure 4.5 shows a summary of the 
techniques used to determine the CME radial size; and also displays the circumference 
and the centre of the circle plotted with the boundary tracking method.  
 
Figure 4.6 displays the result of the tracking method for all nine separate images during 
the transit of the CME. By using the circular model and a longitude of =70 obtained 
previously, the radial size (S, measured in AU) and the heliocentric distance (R, also in 
AU) were calculated. These results are shown in table 4.1 and correspond to each image 
in figure 4.6. Figure 4.6 includes the boundary tracking curve used (green line), and the 
optimised circle (dotted red line). The three panels that do not include the estimated 
circles are displayed in figure 4.5.  
 
Table 4.1 quantitatively provides the results of the CME radial width calculated from 
the circle method. Also displayed is a rough estimation of the bulk velocity of the CME 
obtained by measuring the distance the centre of the CME has moved between two 
consecutive images and dividing by the time taken. The CME centres obtained from the 
circle fitting method were used in this calculation. 
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Date Time CME travel distance (R), CME Radial Width (S), Bulk Velocity,
UT AU AU km/s
16/02/08 14:09:00 0.16 0.077 N/A
16/02/08 15:29:00 0.17 0.078 310
16/02/08 18:49:00 0.19 0.090 273
16/02/08 23:29:00 0.23 0.106 319
17/02/08 02:09:00 0.24 0.109 348
17/02/08 04:49:00 0.26 0.114 279
17/02/08 14:09:00 0.32 0.131 257
17/02/08 21:29:00 0.36 0.136 254
18/02/08 06:09:00 0.41 0.144 224
Table 4.1. Times of the frames analysed with the estimated radial width, heliocentric 
distance and bulk velocity as calculated using the circle method.  
 
 
For the boundary mapping algorithm to successfully function a clear divide between the 
ambient solar wind and the density enhancement must be present. Due to the effect of 
line of sight integration, this divide is often blurred by the presence of other ejecta at 
possibly different longitudes. This limits the number of images that can be analysed, 
especially when the CME propagation is at an early stage and the ambient solar wind is 
denser. 
 
Throughout the analysed interval the circle-fitting method gives results which remain 
approximately consistent with the density enhancements found at the front and rear of 
the CME, at least for the limited period when the front edge was observable. Assuming 
the front edge density enhancement corresponds to the sheath region in front of a 
possible cylindrical flux rope [Cremades and Bothmer, 2004], we would then expect the 
inner edge of this density enhancement to represent the outer edge of the CME which 
we are trying to fit. We note that the earlier frames fit the circular shape better than the 
later ones, where the leading edge of the model begins to extend into the sheath region. 
This implies that the CME is probably being deformed into a structure that is more 
elliptically shaped. This leads to a possible systematic error with this method. Also 
assuming the propagation longitude is indeed 70°, we have not included a correction for 
the inclination to the plane of sky which would make a circular cross section appear 
elliptical in the HI field of view. The error in our radial width calculation due to this 
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effect is estimated as 9%, and is also the dominant source of uncertainty in our analysis. 
When comparing the radial width of a CME against the heliocentric distance travelled 
using a power law, the correction would change the size of the CME at each image but 
does not affect the exponent of the power law created. 
 
Figure 4.7. Radial size of the CME versus heliocentric distance for the nine images 
analysed. A best fit power law for both the circular and front-rear edge methods are 
shown for comparison. A linear best fit to the results of the circular method is also 
displayed. 
 
 
The circular method is limited by the tracking procedure which cannot be accurately 
implemented on the earlier images, even though the boundary of entire structure can be 
observed. Therefore as an alternative method for estimating the CME width, 
independent of the circular model, the positions of the front and rear edges were 
determined for nine separate images where both sides were visible. This was carried out 
at a PA=90. The rear edge was defined by the density enhancement boundary and the 
front was defined as inside the density feature propagating out ahead of the CME. This 
method is limited by the observation of the front edge. Therefore this method is unable 
to track the radial width of the CME at heliospheric distances measured by the circular 
method. 
 
Figure 4.7 displays the resulting radial widths of the CME as a function of heliospheric 
distance; red for the circle method; and green for the front and rear edge method. As the 
CME travels anti-sunward it clearly expands in the radial direction, but the rate of 
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expansion decreases with heliocentric distance. This is evident from the systematic 
difference of the individual data points from a straight line fit through the data generated 
by the circle method. Also, this best fit straight line does not pass through the origin, 
unrealistically implying that the CME width is 8 solar radii in the low corona. The best 
fit equation of this line is given by S= 0.28R + 0.037, shown in black on figure 4.7. 
Statistically, a straight line fit produces a similar result to a power law, but as the power 
law curve goes through the origin (i.e. zero width at the centre of the Sun), it is a more 
physical representation. 
 
Figure 4.8 compares our result from both methods to the in situ statistical surveys 
produced by Bothmer and Schwenn [1994] and Liu et al. [2004]. The data are displayed 
in a log-log plot to produce a linear best fit curve. As CME radial sizes predominantly 
increase with increasing distance albeit at a slower rate as they progress through the 
heliosphere, a power law has commonly been used to depict the relationship determined 
from in situ observations [Bothmer and Schwenn, 1994; Wang et al., 2005]. Applying 
power laws to our results presented in figure 4.7, both our methods give consistent 
results of S= 0.26R
0.60.1
 within their uncertainty. This exponent value is consistent 
within 2 standard errors of previous results produced from statistical surveys from 
multiple spacecraft over 0.3-5AU carried out by Bothmer et al. [1998] and later by Liu 
et al. [2004] and Wang et al. [2005] with a larger data set. The uncertainty to one 
significant figure of the two surveys is displayed as a shaded region. A theoretical 
calculation was also carried out by Chen [1996] that yielded a power law with an 
exponent of 0.88. Our results suggest that expansion occurs at a slower rate than from 
previous statistical surveys, at least for this one example of a gradual streamer belt 
CME.  
 
It would be prudent to consider the potential uncertainties arising from using different 
methods of measuring the CME size. In the statistical surveys of in situ CME 
observations the boundaries were determined by magnetic field data and the size was 
determined by multiplying the average CME velocity with the time taken for the CME 
to pass over the observing spacecraft. This method therefore does not take into account 
the effect of expansion occurring while the spacecraft is within the CME, or effects due 
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to the axis orientation of the CME flux rope relative to the propagation direction, 
leading possibly to a systematic overestimate of size. Our method of directly measuring 
images at a fixed time is not affected by this problem. In an attempt to quantify this 
effect an estimate of bulk velocity and expansion speed was calculated between 
consecutive images. These were then used to simulate an effective radial size that would 
have been obtained if measured with in situ instruments on a spacecraft. It was found 
that the resulting power law fit made an insignificant difference within errors. 
 
 
Figure 4.8.  A log-log plot showing the relationship between CME radial size, S, and 
heliocentric distance, R. The circle and front-rear edge method are compared to 
published statistical results in the literature from in situ observations. The grey shaded 
regions include the errors of the best fit curve. 
 
 
The analysis carried out in this chapter is a case study of only a single CME. It provides 
a possible new method for determining the radial expansion of CMEs, which is now 
available through the HI cameras on STEREO. Uncertainty in our method is 
compounded by using only a single CME and not having in situ data from the same 
CME available for comparison. It is hoped that as the archive of CMEs observed by HI 
builds up, a more detailed statistical approach will become possible. The solar storm 
watch project (www.solarstormwatch.com, which is part of the GalaxyZoo project) in 
conjunction with the Royal Observatory, Greenwich has begun making these images 
easily accessible to the public. At time of writing, the members have identified a few 
possible candidate events and have shown great enthusiasm for the science. 
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4.5 Discussion  
 
An important target of solar and heliospheric physics has been to detect and characterise 
CMEs propagating through interplanetary space along the Sun-Earth line [Harrison et 
al., 2008]. During the period of 2008 and 2009 the spacecraft have separated to optimal 
distances for observations where features from coronagraph images may be directly 
related to in situ measurements [Rouillard et al., 2008]. This chapter supports this goal 
by studying the evolution of a solar transient between 0.1 – 0.4 AU using the HI 
instruments. The main conclusions of this study can be summarised as follows: 
 
1. The near-circular shape of this CME provided the best opportunity so far to track the 
radial size of a single CME beyond LASCO field of view, where the geometry allows 
us to better estimate possible projection effects.  
 
2. These measurements have been taken between 0.1 and 0.4 AU. Prior to the 
availability of HI observations this was, apart from interplanetary scintillation 
techniques, an unobservable zone between coronagraphs and the closest to the Sun in 
situ measurements previously obtained by the Helios mission. 
 
3. The CME studied was an example of a relatively slow, streamer belt CME during 
solar minimum. Its radial evolution was found to follow the power laws: S= 0.25 R
0.65
 
and S= 0.27 R
0.55
 using a circular fitting and a front-rear edge separation method, 
respectively, with both R and S measured in AU. 
 
4. These results indicate a possible slower expansion than indicated by in situ studies for 
which there are a number of possible explanations. Streamer belt CMEs may radially 
expand more slowly than previously indicated by in situ statistical surveys (Bothmer 
1994, Liu 2005); or the overall speed with respect to ambient solar wind, or internal 
pressure of the CME may affect expansion. Perhaps if unusual solar wind conditions at 
the end of solar cycle 23 persist, expansion rates of CMEs may be reduced, although 
these conclusions have to be tempered by the fact that they are based on observations of 
a single event. 
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Although the exponent from the power law result is comparable to in-situ statistical 
surveys within 2 standard errors, it nevertheless indicates that the expansion for 
streamer belt CMEs may be slower than the statistical surveys may suggest. This may 
be due to the fact that each CME has different properties such that a statistical survey 
may include extreme events that skew the results; or, on a larger scale, the unusual solar 
wind conditions for the end of solar cycle 23 [McComas et al., 2008] means the 
dynamic pressure and low plasma densities have noticeably reduced CMEs expansion 
rate. The reliability of our comparison to in situ data would be improved if our method 
of analysis was expanded to more CMEs.  
 
Furthermore, the limitation of using only remote sensing observations introduces a 
potential systematic error. Without in situ data to confirm the start and end points of the 
magnetic field flux rope structure with relation to density enhancements on the images, 
we may have systematically over or under-estimated the CME radial width. Identifying 
an event that is able to combine our technique with in situ data would minimise the 
uncertainty and better constrain our results; as also commented by Owens [2008]. 
Rouillard et al. [2009] have taken the first steps towards addressing this obstacle by 
measuring a CME from the HI cameras out to the Venus Express spacecraft; but further 
work is needed as a greater database of HI CME observations builds up further 
opportunities. 
 
Our circular model, similar to the cross section of an idealised constant alpha force free 
flux rope, is a first step in monitoring radial expansion of CMEs as they propagate out 
from the Sun. This study may be improved by experimenting with an elliptical 
geometry, leading to possible understanding of the tension forces and magnetic pressure 
within the transient. The use of a geometrically distorted flux rope whose original shape 
started off as constant alpha force free cylinder [Owens et al., 2006; Owens, 2006] can 
potentially be used to understand these features. This idea is explored further in Chapter 
5. 
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Chapter 5 
 
Solar wind distortion of a CME 
 
 
 
5.1 Summary 
 
Previously, in Chapter 4 we described the morphology of a growing CME by comparing 
the shape to a cylindrical flux rope. Here, we present the first observational evidence of 
the near-Sun distortion of the leading edge of a CME by the ambient solar wind into a 
concave structure. On 14 November 2007, a CME was observed by coronagraphs 
onboard the STEREO-B spacecraft, possessing a circular cross-section. Subsequently 
the CME passed through the field of view of the STEREO-B Heliospheric Imagers 
where the leading edge was observed to distort into an increasingly concave structure. 
The CME observations are compared to an analytical flux rope model constrained by a 
MHD solar wind solution. The resultant bimodal speed profile is used to kinematically 
distort a circular structure that replicates the initial shape of the CME. The CME 
morphology is found to change rapidly over a relatively short distance. This indicates an 
approximate radial distance in the heliosphere where the solar wind forces begin to 
dominate over the magnetic forces of the CME influencing the shape of the CME. 
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5.2 Introduction 
 
Our emphasis here is on observations of CMEs beyond coronagraphs which, in the past, 
have been remotely sensed using interplanetary scintillation (IPS) [e.g. Kojima and 
Kakinuma, 1987; Bisi et al., 2009]. However, the IPS method suffers from relatively 
poor temporal and spatial resolution. Recently, a new generation of heliospheric 
imagers, spearheaded by the SMEI (solar mass ejection imager) instrument [Eyles et al., 
2003] aboard the Coriolis satellite, have been providing observations of this region and 
are being increasingly used to analyse CME propagation [Webb et al., 2009]. Whilst 
SMEI provides images beyond 20 elongations away from the Sun (approximately 
0.35AU on the plane of sky), images from the Heliospheric Imager (HI) instrument 
onboard the NASA STEREO mission has been able to bridge this gap by providing 
continual telemetry of CMEs between the traditional coronagraph field of view (~4 
elongation) and terrestrial distances. 
 
As observed by coronagraphs CME shapes vary from event-to-event within these 
images and, as stated by Krall and St. Cyr [2006], depend on: the underlying magnetic 
field geometry; population of that geometry by solar and heliospheric plasma; Thomson 
scattering; and the projection of the resulting light onto the two-dimensional plane of 
sky (PoS). Imaging of CMEs by coronagraphs has been limited to a distance of 32 solar 
radii (Rs) away from the Sun using the LASCO instrument on the SOHO spacecraft 
[Brueckner et al., 1995].  
 
Over the years, CMEs with a ‘three-part structure’ [Illing and Hundhausen, 1986] have 
attracted particular attention; characteristically described by a bright (dense) leading 
edge followed by a dark cavity and a bright core at the rear, often identified as dense 
prominence material [Schmieder et al., 2002]. A magnetic flux rope (FR) structure has 
been suggested to be embedded within the cavity, the axis of which is thought to be 
perpendicular to the PoS when the three part structure is observed [Cremades and 
Bothmer, 2004].   
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The force-free magnetic field with constant- for a circular cylindrical FR has regularly 
been used to model a subset of ICMEs, known as magnetic clouds (MCs), from single 
point in situ spacecraft measurements [Burlaga, 1988]. In reality, the circular cross 
section required for a force-free structure is unlikely to occur as the MC evolves through 
the heliosphere. Although the FR may initially start quasi-circularly, as observed 
remotely by coronagraphs, spherical expansion [Riley and Crooker, 2004] and 
interaction with a solar wind structured in speed [Manchester et al., 2004; Odstrcil et al., 
2004a] may distort the transient. 
 
CMEs typically originate from latitudes close to the streamer belt [Hundhausen, 1993], 
and may frequently experience large velocity gradients in the ambient solar wind over 
their latitudinal extent. Currently, numerical magnetohydrodynamic (MHD) simulations 
[Odstrcil et al., 2004b] suggest that when a magnetic FR structure propagates through 
such a bimodal medium (i.e. one having two distinct velocity regimes) the flow 
momentum greatly exceeds the magnetic restraining force [Schmidt and Cargill, 2001], 
thereby distorting the cross-sectional structure into a concave object. Until now, the 
restricted fields of view (fovs) of coronagraphs have prevented direct observations of 
this distortion being directly linked to structuring of the solar wind; and only limited 
studies of kinematically distorted magnetic FRs have been used to find evidence of such 
an occurrence in situ [Liu et al., 2006; Owens et al., 2006]. The magnetic profile of a 
distorted MC modelled by Owens [2006] was analysed against three well studied MCs 
where a concave structure would have been expected. However, the observations were 
found to best describe the traditional outlook of a convex structure. Here, the term 
concave refers to a deformation created by a slower propagation of the CME central 
region, thereby causing it to be ‘overtaken’ by the edges and creating a ‘C’ shaped 
object. This is different to possible deformation caused by a faster propagation in the 
central region creating a reverse ‘C’. It was suggested that a sharp transition from fast to 
slow solar wind would shear a CME rather than distort it, and thereby cause a globally 
concave FR but with a convex signature on a local scale.  
 
  125 
 
 
 5. Solar wind distortion of a CME 
The purpose of this study is to demonstrate observationally for the first time a CME 
structure evolving beyond the fov of coronagraphs, where the changing CME 
morphology can be directly attributed to a structured solar wind. 
 
 
 
Figure 5.1. A view from above the locations of the STEREO spacecraft in relation to the 
Earth and Sun in HGI coordinates. The full HI fov on STEREO-B is demarcated by 
blue lines, with the HI-1 fov shown as a shaded region. The predicted direction of 
propagation of the November 15th 2007 CME is also displayed. The orbits of Mercury 
and Venus have been included for completeness. 
 
 
 
5.3 Observations 
 
Figure 5.1 displays the location of the two STEREO spacecraft at the time of interest for 
our case study event in HGI coordinate system (the system is described in section 4.3). 
The HI cameras from STEREO-B provide an uninterrupted field of view from the 
coronagraphs to distances of 1 AU and beyond; indicated by the region within the solid 
blue lines. The field of view of the inner HI-1 camera is shown by the shaded region. 
This figure also displays the direction of propagation of the CME. 
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We carried out an initial survey of CMEs identified in STEREO HI data from 2007 to 
2008. During this period, two examples of concave CMEs were found. The first was 
observed by HI-1 on STEREO-A on 9 July 2007, and the second by HI-1 on STEREO-
B on 15 November 2007. A closer inspection of the July 2007 CME reveals that at least 
two structures are propagating simultaneously along different longitudes, and thus for 
our study, this event is not conducive to further analysis. 
 
A sequence of images for the November 2007 CME identified in HI images were 
produced using a running difference technique; as shown in figure 5.2. The HI detectors 
not only observe scattered light from coronal electrons but also sunlight scattered from 
dust (the F-corona). The F-coronal signal can be effectively removed by a subtraction of 
a long term background or a running difference technique [e.g. Davies et al., 2009]. The 
latter is better at revealing faint features propagating through the field of view (see 
section 3.1.4). 
 
The sequence displays 12 consecutive difference images from the inner HI-1 camera on 
STEREO-B. The position angle in increments of 10 is displayed as straight white lines 
which stretch across the field. The planet Mercury is also observable within the field of 
view, and is positioned just above the line equal to a PA of 270. These images show a 
CME distorting as it transits across the field of view from left to right. The entire CME 
structure is believed to enter the field of view on the second image and remain for 11 
frames. The CME appear to deform by allowing the top and bottom section to 
‘overtake’ the central region. This leads to the idea that fast solar wind from polar 
coronal holes may be affecting the morphology of the CME. 
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10.09 UT, 15 Nov 10.49 UT, 15 Nov 11.29 UT, 15 Nov
12.09 UT, 15 Nov 12.49 UT, 15 Nov 13.29 UT, 15 Nov
14.09 UT, 15 Nov 14.49 UT, 15 Nov 15.29 UT, 15 Nov
16.09 UT, 15 Nov 16.49 UT, 15 Nov 17.29 UT, 15 Nov
 
Figure 5.2. Images from HI-1 camera on STEREO-B showing the transit of a CME in 
November 2007. This montage of images displays 12 consecutive frames. These images 
are displayed using the running difference technique, with the time displayed at the top 
of each image. 
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5.4 Case study: 15 November 2007 
 
This CME was first observed in images from the STEREO-B inner coronagraph (COR 
1) at 13:05 UT on 14 November 2007 (http://cor1.gsfc.nasa.gov/catalog/). It 
subsequently passed through the COR-2 field of view, entering the field of view of the 
HI-1 camera on STEREO-B at 04:00 UT the next day. HI-2 also observed the 
propagation of this CME’s rear edge. The centre of the CME propagated anti-sunward 
at a position angle (PA) of ~247 and spanned an apparent angular width of 50. 
 
CMEs generally accelerate during their initial phase but approach constant velocity by 
heights of around 30 Rs [St Cyr et al., 2000; Schwenn et al., 2006], i.e. within the HI 
fov. The apparent acceleration/deceleration observed by the HI cameras can be used to 
deduce their radial speed and longitude of propagation, assuming that these parameters 
remain constant over the HI fov [Rouillard et al., 2008; Sheeley et al., 2008; Savani et 
al., 2009]. For this technique to be effective, a transient must be observed over a wide 
range of elongations, and described in more detail in section 3.1.6 (i.e. by both HI-1 and 
HI- cameras).  
 
 
5.4.1 Propagation direction 
 
The technique mentioned above was applied to our case study by fitting equation 3.1 to 
a time-elongation plot constructed for both the leading and rear edges of the CME at a 
position angle (PA) of 250; note that this equation does not include an adjustment to 
take account of the off-solar equatorial direction of propagation.  
 
Here the elongation variation, (t), of a solar wind transient depends on its radial speed, 
Vr, and the solar longitude difference between the spacecraft and the out-flowing 
transient, , when a fitting is applied along the equatorial plane. To obtain the 
heliocentric longitude of travel for CMEs travelling off the solar equatorial plane, , we 
must make an adjustment to shown in equation 3.2; where  is the inclination relative 
to the equatorial plane [Rouillard et al., 2009]. We estimate the CME propagated at 55  
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10 away from the S-B–Sun line. The radial speed was determined as 380 40 km s-1 
and 335 35 km s-1 for the leading and rear edge of the CME, respectively; see figure 
5.3.  
 
 
Figure 5.3. (a) An elongation-time map constructed from running difference images 
along the Position angle, PA=245. (b) The elongation-time map converted to a binary 
black and white image to emphasise the tracks. In additional, the red line is the best fit 
boundary of the CME. The two optimised variables from equation 3.1 and 3.2, 
longitude () and radial velocity (Vr), are displayed. 
 
 
Analysis of the deformation of a CME only requires an estimation of the propagation 
direction, as this provides a location within the heliosphere to model the background 
solar wind. The elongation-time plot has been used as the method to predict the 
direction and was taken roughly at the centre of the CME at a position angle (PA) of 
250. 
 
Elongation-time plots can be generated at a variety of PA’s. Table 5.1 below shows the 
results generated when both variables remain as free parameters. The results show that 
the values stay relatively stable for different sections of the CME, perhaps with an 
indication of a slightly faster speed at the peripheries. This is consistent with the 
observations, which indicate the top and bottom edges appear to travel faster. Further 
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analysis on this idea remains outstanding, and may benefit from fixing the longitude 
direction and allowing only one free variable.  
 
There are two results that clearly stand out as drastically different to the other 10, these 
are: front edge, PA=235; and rear edge, PA=265. These values have been regarded as 
unreliable, and have therefore not been used for any further analysis. The unreliability 
for these particular curves originates from not being able to track a single feature 
through the elongation-time map. The CME curve was found by manually defining a 
number of positions along the observed track; but this was unreliable for ill-defined 
density boundaries. 
PA
Beta (deg) Vr (km/s) Beta (deg) Vr (km/s)
265 - - 101 490
260 - - 70 360
255 87 420 - -
250 55 380 53 330
245 53 380 50 340
240 52 350 47 340
235 129 690 49 320
230 47 390 - -
Front Edge Rear Edge
 
Table 5.1. Optimised parameters of radial speed and longitude of propagation from 
elongation-time maps at various Position Angles. 
 
 
Near this time, the magnetic field in situ of ACE and S-A shows the presence of a clear 
flux rope structure, but we attribute this to a partial halo CME seen in LASCO one day 
after our event (see LASCO catalogue: http://cdaw.gsfc.nasa.gov/CME_list/index.html); 
see section 5.4.2 for more details. This CME catalogue is generated and maintained at 
the CDAW Data Center by NASA and The Catholic University of America in 
cooperation with the Naval Research Laboratory. Given the direction of propagation, it 
is unlikely that ACE would have detected our 15 November CME in situ as a clear flux 
rope structure. 
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5.4.2 In situ analysis 
 
As is observed from figure 5.1 the CME is predicted to propagate close to STEREO-A 
around November 19 2007. For this reason data from ACE and both STEREO 
spacecraft were investigated to see if in situ signatures of the CME could be detected.  
 
Figures 5.4, 5.5 and 5.6 display stack plots from all three spacecraft with the magnetic 
field in Cartesian and spherical coordinates and various solar wind plasma properties. A 
structure consistent with a flux rope is clearly observed within the magnetic data at both 
STEREO-A and ACE; but the signature is much poorer and further from an ideal 
scenario within STEREO-B.  
 
A simple constant alpha force free (CAFF) flux rope model (described in Section 2.6) 
has been applied to the data. Here, the model uses minimum variance analysis (MVA) 
within the CME interval to deduce the axis orientation of a possible flux rope. The 
CME axis runs along the axial direction of the rope. MVA is a technique often used for 
calculating the normal to a tangential discontinuity (TD), hence for their purposes the 
minimum eigen vector is the answer required. But for the purposes of solving for a flux 
rope orientation, the axis is determined by the intermediate eigen-vector. For this reason 
one must be wary of the solution that this technique produces. That is to say for CMEs, 
we must emphasise the eigen-value ratios from the intermediate direction (2), i.e. 2/3 
and 1/2 would both ideally be around 10. But under certain conditions, expressed by 
Bothmer and Schwenn [1998], a ratio of greater than 2 can lead to a relatively reliable 
axis determination. It is only when the two eigen-values are approximately the same 
(i.e. the ratio is small) that the axis orientation becomes unknown, with a limitation that 
it would be somewhere in the plane of the two eigen-vectors. 
 
With the axis determined, the model fit is carried out with two free parameters; the 
predicted axial magnetic field (B0) and the impact factor (Y0, fractional distance to the 
CME centre).  Displayed on the stack plots for figure 5.4, 5.5 and 5.6, on top of the 
data, are the times series profile of the optimised magnetic field from the CAFF model. 
Below each figure is displayed the optimised parameters and eigen-vectors and values. 
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Start Time End Time Alpha B0 Y0 Chirality
22.08, 19/11/07 23.29, 20/11/07 2.4 9.7 nT 0.14 Left Handed  
 
MVA axes 
   min    int (MC axis)          max 










 504.0
068.0
861.0
    










461.0
864.0
201.0
       











731.0
498.0
467.0
   
eigenvalues:   e1= 1.10     e2=10.26         e3=38.46 
  
 
Figure 5.4. Time series of solar wind data in situ of STEREO-A during November 2007. 
Magnetic field is shown in both RTN cartesian and spherical coordinate system, 
followed by velocity, proton number density, proton temperature and plasma beta. Also 
included is the flux rope model optimised to fit the data (purple); and the model outputs 
displayed below the graph. The MVA eigenvectors are displayed in RTN coordinates. 
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Start Time End Time Alpha B0 Y0 Chirality
23.16, 19/11/07 11.40, 20/11/07 2.4 20.2 nT 0.09 Left Handed  
 
MVA axes 
   min    int (MC axis)          max 










493.0
333.0
804.0
    












121.0
941.0
315.0
       












862.0
058.0
504.0
   
eigenvalues:   e1= 1.432     e2=22.35         e3=109.86 
    
 
Figure 5.5. Time series of solar wind data in situ of ACE during November 2007. Data 
are displayed similar to figure 5.4. The flux rope model optimised to fit the data are 
shown in red; and the model outputs displayed below the graph. 
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Start Time End Time Alpha B0 Y0 Chirality
23.02, 19/11/07 06.59, 20/11/07 2.4 15.6 nT -0.06 Left Handed  
 
MVA axes 
   min    int (MC axis)          max 













504.0
572.0
647.0
    












715.0
697.0
059.0
       










484.0
433.0
760.0
   
eigenvalues:   e1= 0.696     e2=20.89         e3=64.57 
   
 
Figure 5.6. Time series of solar wind data in situ of STEREO-B during November 2007. 
Data are displayed similar to figure 5.4. The flux rope model optimised to fit the data 
are shown in black; and the model outputs displayed below the graph. 
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The results show that both ACE and STEREO-A potentially detect the same CME, as 
their axes are both predominately perpendicular to the radial line and within the ecliptic 
plane (see figure 5.7). The poor performance of the model at STEREO-B indicates that 
if this is a FR, then it no longer possesses the ideal topology- suggestive that STEREO-
B only traverses the CME edge by gla ncing a leg of the CME. 
 
Figure 5.7. Same as figure 5.1. A view from above the locations of the STEREO 
spacecraft in relation to the Earth and Sun in HGI coordinates. Included are also the in 
situ predictions of the CME axis using a CAFF flux rope model at each spacecraft. 
 
 
If this CME, seen in situ at ACE and STEREO-A, is indeed the same as the one 
observed by the coronagraphs and HI cameras on STEREO-B, then the CAFF model 
indicates the CME central axis passed very close to the spacecraft (Y0= -0.06) - this is 
unrealistic. We state this because in HI only a glancing edge of the CME is propagating 
along a PA of 270, which is where the in situ instruments are located.  
 
A new possibility arises from this scenario- that the observed in situ flux rope is another 
unrelated to the one observed by HI at STEREO-B. By viewing the LASCO CME 
catalogue we see that our event is also seen remotely in the vicinity of ACE and Earth. 
These coronagraph images show the CME morphology similar to that seen in COR-2 – 
which is indicative of the CME travelling closer to the plane of sky rather than towards 
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Earth. Therefore, our CME is less likely to be detected in situ at ACE. As it happens, 
LASCO also records a very poor partial halo event at 18.50 on 15 November 2007 
which could account for the in situ measurements described above. 
 
By using an approximate speed of the CME and assuming constant acceleration from 30 
Rs to 1AU [Owens and Cargill, 2004], we also predict that the CME observed in the 
images would travel past the effective position of STEREO-A nine hours later than was 
in fact measured in situ. 
 
In summary, due to the timing differences and southward directed nature of the 
remotely observed CME we believe it is not the same event as the magnetic flux rope 
signatures seen in situ. 
 
 
5.4.3 Solar wind simulation 
 
To model the idea of a CME being distorted by a bimodal solar wind profile, a MAS 
(magnetohydrodynamics around a sphere) 3-D MHD code developed by the Predictive 
Science group [Linker et al., 1999; Mikic et al., 1999] (http://www.imhd.net) was used 
to provide a realistic simulation of the solar wind structure through which this CME 
propagated (see section 2.3.3). A steady state solution is produced by solving the time-
dependant MHD equations in spherical geometry between 1 and 30 Rs in a non-rotating 
frame. The initial conditions are derived from photospheric magnetic field observations 
produced from the National Solar Observatory at Kitt Peak (http://synoptic.nso.edu).  
 
The MHD solutions within this simulation use a polytropic energy equation in order to 
avoid the complicated physics found at the transition region [Owens et al., 2008]. This 
is achieved by setting the ratio of specific heats () to a reduced value. Although this 
approach qualitatively reproduces the coronal holes and streamer morphology, it does 
not correctly replicate the large plasma speed variation that is seen between the fast and 
slow wind. For this reason an empirically derived solution is sometimes used (see 
section 2.3.3 for more details). 
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Figure 5.8. a) Velocity versus latitude profile, from the model at the longitude of the 
CME. The purple curve is the velocity profile approximated to the optimal half-period 
sinusoidal curve (bounded by the dashed lines). b) MAS 3-D MHD simulation of the 
solar wind velocity at 30 Rs for CR2063. The vertical purple line is the predicted 
longitude of the November CME obtained from our time-elongation analysis (section 
5.4.1). 
 
 
By using this empirically derived solution, a synoptic map of the predicted solar wind 
velocity at 30 Rs was created for November 2007 (Carrington Rotation 2063), see 
figure 5.8b. The slow solar wind (black) occurs predominantly around the equatorial 
regions of the Sun. Assuming the CME propagated at 55 longitude away from 
STEREO-B, the vertical purple line indicates the location from which our November 
CME emanated. Figure 5.8a shows the velocity profile with latitude along this meridian, 
indicating the slow solar wind is predominately centred at ~15 south of the solar 
equator. As the CME propagated below the solar equator, the narrower region of slow 
solar wind above the equator (~25) can be ignored for the purposes of modelling the 
CME distortions. The solar wind profile from the simulation was fitted to a half-period 
sinusoid (purple curve) so that an approximation of the speed gradient with latitude can 
be used to kinematically distort a circular CME structure. The optimal sinusoidal curve 
was calculated using an unconstrained non-linear optimisation routine [Nelder and 
Mead, 1965] with two free parameters.  
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Figure 5.9. a-d) STEREO spacecraft images for the November 2007 CME without (left 
column) and with an overplot of the manual tracing (right column). a) COR-2 image on 
01:08:32UT, 15 November 2007. HI-1 difference images on the 15 November 2007 are 
shown in b) at 10.49UT; c) at 14.09UT; d) at 17.29UT. Lines of constant PA are 
displayed in 10 intervals. 
 
 
 
5.5 Comparison to model 
 
Images from both the outer COR-2 coronagraph and HI cameras on STEREO-B were 
viewed and the CME shape was examined by eye. The COR-2 camera has a field of 
view of 20Rs (assuming plane of sky) that is adjacent to, but does not overlap with the 
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field of view of the HI-1 camera. Figure 5.9a shows that throughout the propagation of 
the CME through the COR-2 fov, it remains quasi-circular in shape, with clear 
identifiable edges; a dark inner cavity structure is surrounded on all sides by a bright 
region of higher density plasma. The outer LASCO C3 instrument has a slightly larger 
field of view and therefore able to overlap slightly with the HI camera. C3 also saw the 
onset of the CME distortion. The continuation of the distortion appears to take place in 
the HI-1 camera. It is worth noting here that LASCO is situated at a different longitude 
to the STEREO spacecraft and due to Thomson scattering off a 3D object, it is therefore 
likely to observe a slightly different section of the CME. 
 
Turning to the HI-1 images, the morphology of the CME shows a distorted circular 
shape as soon as the entire structure is within the field of view (see figure 5.9b). The 
leading edge of the CME is initially a flat surface but then gradually evolves into a 
concave structure. Figures 5.9b, c and d show three example frames of the CME in a 
difference image format; the elongation at the centre of the CME is approximately 6.1, 
8.0 and 9.8 respectively. At the longitude of the CME, the solar wind simulation 
predicts the slow wind to be centred at 14 below the solar equator. This is also the solar 
latitude of the observed CME centre, so is consistent with the idea of the CME being 
distorted symmetrically by fast wind propagating above and below the CME centre. If, 
for example, both the northern and southern flanks of the CME were driven from behind 
by a significantly faster solar wind than the mid-section, then these edges would appear 
to ‘overtake’ the centre, creating a concave object later in time. This is similar to a 
prediction made by Odstrcil and Pizzo [1999; see also section 2.3.4], where a simulated 
CME was centred in the middle of the slow solar wind stream, but large enough to 
surrounded by the fast streams from above and below. 
 
The HI-1 camera provides 11 frames where the entire structure is visible in the field of 
view. For each of these frames the CME outer edge was digitised by manually tracing 
the shape by eye, with the results displayed in the right column of figure 5.9 (the images 
themselves are a replica of the left panels). Three examples are shown; frames 1, 6 and 
11. 
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Figure 5.10. A predicted distortion of a CME due to a structured solar wind. The flux 
rope model was created by Owens [2006]. 
 
 
A study of the CME shape as it propagated through the HI-1 fov was carried out by 
comparing its outer edge with the in situ magnetic FR model developed by Owens et al. 
[2006]. This is a kinematically distorted magnetic FR model designed for the purposes 
of better describing the magnetic profile of ICMEs in situ. The model starts with an 
idealised magnetic FR with a cylindrical shape close to the Sun (~ 2Rs), and then 
kinematically evolves the FR by assuming all plasma parcels move radially away from 
the Sun. This model does not include any of the internal forces acting within the CME, 
such as the restraining force provided by the magnetic tension. It instead assumes the 
flow momentum greatly exceeds these forces and therefore they can be approximated to 
be negligible.  
 
A later refinement of this model (see figure 5.10) attempted to evolve the CME 
structure using a structured bimodal solar wind. Owens [2006] analysed in situ 
measurements from three ICMEs that were predicted to be part of a concave transient. 
The conclusion drawn was that the magnetic field profiles were better fitted to a convex 
FR model. A possible explanation given was that this may be due to a discontinuous 
solar wind speed transition shearing the CME so that, on a global scale, the object is 
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indeed concave (‘C’ shaped); but for a given single point measurement it would appear 
to be convex. The images in figure 5.2 and 5.9 do not support this claim, as the 
distortion appears continuous and not sheared. Note however, the Owens work was 
based on observations at much larger heliocentric distances than the work we are 
presenting. Also, this model does not distinguish between a driver of fast wind from 
behind or a band of slower plasma in front. Rather it merely models the resultant effects 
of a latitudinal velocity gradient. 
 
The purpose of this study is to show remote observations of CME distortions can be 
directly attributed to a structured solar wind; thus, our interest lies only in the 
morphology of the CME created from this in situ model and not the exact nature of the 
magnetic field. For this reason we compare the shape of the Owens model to the 
manually selected positions of the CME edges from the images.  
 
The half-period sinusoidal solar wind profile from figure 5.8 was used as an input to the 
Owens model, but in order to simulate the magnetic tension within the CME the 
application of a reduction factor to the solar wind profile was found to be necessary. 
The fast wind speed was maintained but the slow wind speeds were increased so that the 
velocity shear would decrease. The maxima and minima of the sinusoid speed curve 
were originally at 650 and 282 km/s, respectively, but if the latter were to increase to 
539 km/s, then only 30% of the amplitude would have been introduced into the model. 
This solar wind reduction factor, F, was varied for each frame. 
 
 
  142 
 
 
 5. Solar wind distortion of a CME 
 
Figure 5.11. Shows how two variables within the Owens [2006] model are able to 
change the CME morphology. These two variables are the velocity ratio, A, and the 
solar wind reduction factor, F. 
 
 
Inherent in this model is an assumption that the ratio between the bulk and expansion 
velocity is constant. Therefore when analysing the results of the model, two variables 
are able to modify the morphology of the CME; the velocity ratio between bulk and 
expansion speeds (A), and the solar wind reduction factor (F). Figure 5.11 shows 
qualitatively how each variable is able to change the CME morphology. For each image, 
the same solar wind profile from figure 5.8a was used. 
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Frame Velocity ratio, A Solar Wind reduction, F
1 0.35 0.27
2 0.31 0.28
3 0.29 0.30
4 0.28 0.30
5 0.29 0.28
6 0.28 0.32
7 0.27 0.25
8 0.26 0.31
9 0.28 0.33
10 0.25 0.32
11 0.28 0.33  
Table 5.2 Table displays the optimal parameters for each frame used in comparing 
observational data to Owens [2006] model.  
 
 
In order to compare observations to the simple model the two variables were allowed to 
remain free under an unconstrained non-linear optimisation routine [Nelder and Mead, 
1965]. The optimised parameters for each frame are displayed in Table 5.2. They 
remain relatively stable throughout the 11 frames analysed which reinforces our 
confidence that the distortion occurring is due to physical processes of the background 
solar wind. The average results for the 11 frames are Aave= 0.29 0.03 and Fave= 0.3 
0.03. 
 
Qualitatively, figure 5.12 shows a very good match between observations and our 
simple model. Although the images suggest the southern half of the CME travels faster 
than the northern, this has not been modelled by our symmetric solar wind profile. This 
confirms that the CME distortion is indeed consistent with its interaction with a 
structured solar wind. The change in the global CME morphology, from a circular to 
concave structure, occurs over a relatively short range of coronal heights (20 – 50Rs), 
after which the shape remains, on-the-whole, unperturbed. The fact that the distortion 
occurs over a narrow range of coronal heights suggests a change in the balance of forces 
dictating the CME shape. 
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Figure 5.12. Comparison between the model and observations. Crosses indicate manual 
tracing of CME outer edge as deduced from figure 3 b, c and d. Lines indicate the 
structure of a distorted CME model, with the solid line displaying the outer edge. 
 
 
More can be done to quantitatively study this phenomenon. For example, further studies 
may analyse the optimal solar wind reduction factor between the model and 
observations, thereby providing insight into the solar wind’s influence on the CME as a 
function of radial distance. Secondly, an improved understanding of HI observations is 
needed to explain why a CME model assumed to be in the PoS matches with 
observations predicting a propagation of 40 away from PoS. A quantitative analysis of 
the Thomson sphere effects would help towards this goal. 
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5.6 Conclusions 
 
The Heliospheric Imagers on the STEREO spacecraft allow detailed studies of CME 
evolution as they propagate through the inner heliosphere. We are able to observe, for 
the first time, the distortion of a CME into a concave structure via its interaction with a 
bimodal solar wind. This study also provides the first steps towards an understanding of 
CME morphology within a region where CME acceleration is traditionally considered 
to cease. The good agreement between the Owens et al. model and observations 
presented here provides us with better appreciation of the topological evolution of 
ICMEs at their early stages of formation. Indeed, with further study it is hoped that we 
can make improvements to our predictions of arrival times at Earth.    
 
The HI instruments open up avenues of research into CME properties that have 
previously been difficult to observe. Further statistical analysis is required to determine 
properties like the expansion rate of CMEs and the extent of deformity, characterising 
the restraining force within a CME. Further studies should aim to better understand the 
balance between flow momentum and the restraining tension force, as this may lead to 
the first opportunity to study the transition region between CME and ICME properties; 
and the relationship between the magnetic flux rope structure and a CME. 
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Chapter 6 
 
Aspect ratio of interplanetary CMEs  
 
 
6.1 Summary 
 
Interplanetary coronal mass ejections (ICMEs) may travel much faster than the ambient 
solar wind; in these circumstances if the relative speed between the two exceeds the fast 
magnetosonic velocity, then a shock wave will form. For a case study event observed in 
situ, Russell and Mulligan [2002] analysed the sheath region between the shock front 
and the obstacle to the flow presented by the CME. They then compared this region to 
the sheath found around Earth’s magnetosphere. By measuring the sheath distance and 
modifying the work of Spreiter et al. [1966], they were able to infer a height of an 
ICME in a direction that is perpendicular to the solar wind flow. We present a similar 
analysis for 45 events varying between 0.5AU to 5.5AU; thus greatly expanding on 
previous studies. We find the average ratio of the inferred height to measured radial 
width, otherwise called the aspect ratio, of an ICME is 2.6 1.4. We also compare the 
results to geometrical predictions that forecast an aspect ratio between 3 and 6. We find 
that instead of the results following the predictions, they appear to be bounded by the 
theoretical maximum. We also find that if a simple constant expansion rate of an ICME 
is assumed the geometry predicts the aspect ratio of an ICME would converge to a fixed 
value as it propagates out into the heliosphere; and not undergo further ‘pancaking’. 
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6.2 Interplanetary shocks physics 
 
As briefly mentioned in section 2.3.1 the morphology of a CME changes as it 
propagates away from the Sun. This chapter aims to quantify the height of an ICME, i.e. 
measure the cross sectional area, or the out-of-ecliptic length. This is inferred by 
extrapolating our understanding of the physics of interplanetary bow shocks. 
Previously, attempts have been made to deduce a 2D structure from measurements 
taken along a one dimensional path that is generated as a CME passes over a spacecraft. 
A method attempted by Russell and Mulligan [2002] used a case study event with a 
shock wave proceeding the fast ICME. By calculating the sheath distance and shock 
orientation they were able to estimate a two dimensional cross-section. For further 
analysis of this work the reader must expand on the brief introduction of shocks 
provided in section 2.4.2. Therefore, this chapter begins with a more detailed 
understanding of shock geometry and in situ procedures used. 
 
Shocks are found throughout the heliosphere whenever a supersonic flow encounters an 
obstacle. Explosive events (such as some CMEs) may drive shocks from low in the 
corona. These shocks may then be observed in interplanetary space as they propagate 
anti-sunward. Other obstacles to the solar wind include comets, planets and even slower 
solar wind streams.  
 
For the case of space plasmas, a shock wave arises whenever information on the 
presence of an object needs to be communicated to the solar wind faster than the 
characteristic wave speed (e.g. the fast magnetosonic wave speed or the Alfven speed). 
The function of a shock is to decelerate the solar wind to subsonic speeds as it impacts 
onto the obstacle. This is carried out by heating and decelerating the solar wind by 
redistributing the energy and momentum of the particles. For many other scenarios, the 
change in momentum and heating process is carried out predominately by collisions; 
but for space plasmas, which are within a collisionless domain, wave-particle 
interaction becomes significant. 
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6.3 Shock geometry 
 
While analysing the geometry of a shock surface, the direction of several vectors play a 
key role in determining the properties of the surface. Some of these are the magnetic 
field, B, bulk flow velocity, V and the shock normal, nˆ .  
 
Analysis of a shock front is often carried out in a frame where the shock is at rest. 
Traditionally, the shock normal is directed into the unshocked solar wind, referred to as 
the upstream direction in the shock rest frame. The terminology of upstream and 
downstream work well for planetary bow shocks, but is more confusing for 
interplanetary shocks linked to ICMEs or CIRs. Nevertheless, following common 
practice, quantities measured upstream and downstream in the shock rest frame will be 
denoted with subscripts ‘u’ and ‘d’ respectively. 
 
Figure 6.1 displays the basic geometry of a shock plane. Here, as is common practice, 
the angles between various vectors are displayed as subscripts to the variable, . For 
example, because the orientation of the upstream magnetic field affects the behaviour of 
particles incident onto the shock, the angle between the normal, nˆ , and field direction, 
Bu, are of significant importance, and labelled as Bnu. Shocks with large values of Bnu 
are labelled quasi-perpendicular, while those with values closer to zero are called quasi-
parallel. 
 
In order to transform into the shock rest frame, when measurements of the velocity are 
made in an arbitrary frame, V
arb
 (e.g. a spacecraft reference frame), the shock velocity 
in the arbitrary frame, arbshV , must be subtracted. Section 6.3.2 provides more 
information on how the shock velocity in an arbitrary frame may be calculated. 
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Figure 6.1 Schematic of a shock plane in the shock rest frame. Displayed are the 
magnetic field and velocity directions in both the NIF and HT frame. Adapted from 
Schwartz [1998]. 
 
 
As can be observed above in Figure 6.1, there are a multitude of possibilities for 
different shock rest frames, which all stem from realising that any translation along the 
shock plane maintains the shock at rest. For this reason only the normal component of 
the shock velocity, arbshV , is of importance. Therefore the velocity of the solar wind in 
the shock rest frame is defined as: 
 
                                              nVV ˆ
arb
sh
arb V
shock
rest                                                (6.1)  
There are two frames that are often used when determining shock parameters: 
 
 
The de Hoffmann-Teller (HT) frame:  
 
Here a translation along the shock surface leaves the upstream flow directly parallel to 
the upstream magnetic field. The advantage of this characteristic is that the motional 
electric field, defined here as Vu  Bu, vanishes to zero. 
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The Normal Incidence Frame (NIF): 
 
Here the upstream flow is parallel to the shock normal. As will be apparent later, it is 
only this component of the flow which is required when calculating the shock Mach 
number. It is for this reason, and the importance of the shock Mach number to the work 
in this chapter, that the NIF frame is used for the remainder of the study. 
 
In order to use the NIF reference frame for further studies, the solar wind velocity in 
this frame can be calculated from that in any other shock stationary frame (provided by 
equation 6.1) as follows: 
                                       nVnV ˆˆ  uNIF                   .                                (6.2) 
 
So that the upstream bulk velocity in the NIF frame is 
                                       NIFu
NIF
u VVV                            .                                (6.3) 
 
 
6.3.1 Determination of shock normal 
 
Determining the normal to the shock plane is vital, as it establishes the speed of the 
fluid flowing into the shock and the shock Mach number. There are a variety of 
techniques that aim to establish the shock normal direction. The variety of approaches 
available each possesses different strengths, depending on the resolution and 
experimental uncertainties of the data. When using different techniques, a balance is 
sought after between ease of applicability, completeness and accuracy. 
 
For ICMEs the strength of the shock varies between cases and with distance in the 
heliosphere. Also, assuming the nose of an ICME propagates radially away from the 
Sun, we would predict this shock normal to remain along the radial line, thus implying 
the Bnu will also vary with distance if the upstream magnetic field is assumed to follow 
the parker spiral. But as different methods for determining the shock normal are more 
reliable at different Bnu, two methods below were chosen for further analysis: 
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Planar magnetic structure: 
 
Planar magnetic structures, PMS (introduced in Section 2.4.3) are often observed in 
between the ICME and the shock ahead of it. They are sometimes formed when fast 
ICMEs compress the inflowing solar wind [Gosling and McComas, 1987]. In this 
scenario, the draping of the field lines around the ICME lie on a common plane, whose 
normal is the same as the ICME leading edge. This leading edge normal is then 
assumed to be the same as the shock normal (see figure 2.15). 
 
When a single spacecraft travels through an ICME, the locus of magnetic field 
measurements lies along the travelled path such that the variations in these field vectors 
can be monitored along this one dimensional line. By using MVA analysis on a locus of 
points in the sheath region of an ICME, we can measure the direction where the field 
vectors varies the least [Sonnerup and Scheible, 1998]. The direction in which the 
variation is minimised to a sufficient extent (or is close to zero) corresponds to the 
normal to the shock plane. 
 
This was the primary method of choice for analysis of ICMEs. An advantage of this 
analysis is that the draping of the field lines into a plane of compression occurs on a 
larger scale than other methods, which are often used for detailed analysis of the local 
shock properties. This potentially enables the study of a more global shock front 
direction. Unfortunately not all ICMEs with shocks exhibit the PMS behaviour. In this 
case, an alternative method has been implemented.   
 
 
Variance analysis: 
 
Here, unlike above, the technique monitors the variations of the field within the shock 
transition rather than after the spacecraft encounters the shock (i.e. the downstream 
sheath). Just upstream or downstream of the shock front, fluctuations in the field may 
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exist (such as waves propagating along the magnetic field direction); therefore great 
care is required when selecting the interval for variance analysis. 
 
A shock is a non-linear kinetic phenomenon. But the complexities within this transition 
can be ignored for the purposes of conserving various quantities across the shock. By 
assuming a planar shock, the magnetic field threading through the shock plane (the flux 
across the transition) must be the same, because B = 0. In other words, the normal 
component of the magnetic field just upstream must equal the normal component of the 
magnetic field just downstream. This means the change in field across the shock should 
be zero for a direction that is parallel to the shock normal. It then follows that if MVA 
analysis is carried out over the shock transition then the minimum variance direction 
would correspond to the shock normal. 
 
 
6.3.2 Shock speed 
 
As mentioned earlier, when considering the shock problem, it is often vital to 
investigate the properties in the rest frame of the shock. In order to do this, it is essential 
to estimate the shock speed. In fact, knowing the shock speed along the normal is key to 
estimating the shock Mach number.  
 
There are many techniques that use observational data to calculate the shock speed. 
Some methods require a good methodology for identifying specific characteristics 
(shock foot thickness algorithm), or need vector components of the solar wind velocity 
(Smith and Burton algorithm), while others involve multi-spacecraft analysis. See 
Schwartz [1998] for more details on these various techniques. The one chosen for this 
report uses the mass flux algorithm, which begins with considering the mass flux 
conservation across the shock. 
 
                              nnVnnV ˆˆˆˆ  arbsharbddarbsharbuu VV                               (6.4) 
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Here equation 6.4 is in an arbitrary frame, and can be used to solve the shock speed in 
the same arbitrary frame to give 
 
                                            
 
n
V
ˆ




 arbarb
shV                 .                                 (6.5) 
 
This method benefits from the ease of application but is limited by its reliance on good 
plasma density measurements on both sides of the shock. 
 
 
6.3.3 Mach number 
 
In simple terms, the ratio of relative flow speed to sound speed is called the Mach 
number. As a basic definition of a shock is an irreversible (entropy-increasing) wave 
that causes a transition from supersonic to subsonic flow [Burgess, 1995], the Mach 
number upstream of a shock is M>1; and downstream is M<1. When speaking of a 
shock Mach number, this refers to the Mach number of the upstream flow in the shock 
rest frame. 
 
When considering the Mach number for a shock, the required flow speed is the normal 
to the shock surface. (i.e. nV ˆu ). Also, for magnetised plasmas, there are three 
fundamental modes for the information (sound) speed; Alfven speed, Fast and slow 
magnetosonic speeds. Thus, they each have a respective Mach number. The fast and 
slow modes are compressible and complicated due to their non-isotropic nature. For this 
reason the incompressible Alfven Mach number, MA, is often used to characterise a 
shock [e.g. Kataoka et al., 2005]. This Mach number is calculated as  
 
                                       
00/
ˆ
u
u
AM
B
nV 
                     .                                  (6.6) 
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6.3.4 Earth’s bow shock 
 
The most investigated planetary shock is Earth’s bow shock, schematically displayed in 
figure 6.2 which shows the solar wind flow around the Earth’s magnetosphere (the 
volume of space under the influence of Earth’s internal magnetic field). Spreiter et al. 
(1966) produced a gas-dynamic model of the solar wind’s interaction and ignored all the 
magnetic forces on the flow. The magnetic field lines were calculated by convecting 
them with the fluid, for this reason the model is often called the convected-field gas-
dynamic model. The results of the model depend on the Mach number of the inflow, the 
polytropic index () and the shape of the obstacle.  
Terminator 
distance, DT
Shock 
standoff, 
DOB
 
Figure 6.2 Hydrodynamic flow around Earth’s magnetosphere. Displayed are 
streamlines for a supersonic flow with M = 8 and  = 2. Adapted from Spreiter et al. 
[1966]. 
 
 
When analysing the shape and location of the bow shock, it is important to consider the 
stand-off distance (). This is the perpendicular distance from the nose of the bow 
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shock to the obstacle edge (magnetopause). Spreiter et al. [1966] experimentally 
investigated metal models of the magnetosphere by firing them through argon gas at 
Mach numbers above 4.5. The authors showed a simple empirical formula could relate 
the shock standoff distance, , to the distance between the centre of Earth and the top of 
the obstacle boundary, DOB: 
                                                  
1
1.1



OBD
                                                        (6.7) 
Here  and 1 are the mass density for upstream and downstream, respectively. The 
coefficient of 1.1 is produced by fitting a linear curve to the results. Figure 6.3 shows 
this empirical relationship to be robust for a wide range of conditions. 
 
Figure 6.3 Variation of standoff distance with density ratio across the bow shock. Taken 
from Spreiter et al. [1966]. 
 
 
This work also produced the relationship of DT/DOB = 1.35, where DT is defined as the 
terminator distance. Later Farris and Russell [1994] assumed that the value of this ratio 
defines the radius of curvature, Rc, of the obstacle– i.e. the curvature of the ICME 
boundary or the magnetopause boundary. The radius of curvature was then assumed to 
equal half the height of the obstacle – i.e. half the height of the ICME. This result is 
used later in section 6.6.1 to infer the height of an ICME, which is treated as a magnetic 
obstacle. 
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6.4 Geometrical theory of ICME shape 
 
A CME can be regarded as a cylindrical magnetic flux rope (FR) at the beginning of its 
journey into the heliosphere. By kinematically evolving this structure, the height of a 
CME can be predicted at any position in the heliosphere by assuming the plasma within 
the flux rope travels radially away from the Sun, as illustrated in figure 6.4 The cross 
section of a FR CME can be typically considered to be begin with a radius of r0 ~1Rs at 
an initial position of, L0 ~2Rs away from the Sun centre [Owens, 2006; Owens et al., 
2006]. These values would produce a CME with angular width of 
 
                                        
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Figure 6.4 Schematic to display the geometry of a CME propagating into the 
heliosphere. The aspect ratio of the CME here represents the ratio between the height, H 
and width, W. The angular width, , is equal to 2. 
 
 
These approximate initial conditions have been validated with statistical estimation of 
CME widths using remote observations; these have yielded a median width of ~50 
[e.g. St Cyr et al., 2000; Cremades and Bothmer, 2004; Cremades and St Cyr, 2007]. 
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However, the uncertainty in this estimation increases with angle between the plane of 
sky and the direction of CME propagation. Therefore, as illustrated in figure 6.4, the 
height (H) of a CME begins as 2r0 corresponding to the initial of a cylindrical structure 
and subsequently increases with increasing radial distance away from the Sun (R). The 
height is therefore defined as: 
 
                                              







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0
02
L
r
RH                           .                                   (6.9) 
 
In order to estimate the radial width (W) of a CME as a function of heliocentric 
distance, we must first estimate the expansion properties of a CME as it propagates. 
Figure 6.5 shows that the total width of a CME starts initially with the size of 2r0 and 
grows with time by 2Vex  t, where t is defined as the time interval between its current 
state and the initial conditions. 
 
The variable t can be converted to a function of heliocentric distance by using the 
simple velocity formula: 
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Here, Vbulk is the bulk flow of the CME. By substituting equation (6.10) to deduce the 
total width of the CME we generate, 
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where A is denoted as the ratio of Vex to Vbulk. It is important to point out here that the 
width and therefore the large scale cross sectional morphology of a CME is being 
affected not by the expansion rate alone, but by the ratio between the bulk flow and 
expansion. 
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Figure 6.5 Schematic to display the geometry of a CME propagating into the 
heliosphere. The aspect ratio of a CME is shown to be affected by CME expansion.  
 
 
As the CME propagates, the circular cross section deforms into an approximately 
ellipsoidal shape. The mathematical geometry of ellipses is often parameterised by the 
aspect ratio, which is the ratio of semi-minor axis to semi-major axis. But for simplicity 
of use, the aspect ratio for CMEs, , will be considered as its inverse.  
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Figure 6.6 shows the aspect ratio predicted by equation 6.12 plotted as a function of 
distance in solar radii, Rs. Here, for the simplest scenario, the velocity ratio (A) is 
considered to be constant throughout the heliosphere. This assumption has previously 
been used for a kinematic treatment of CMEs as they propagate into the heliosphere 
[e.g. Owens et al., 2006; Owens, 2008]. This constant rate of expansion produces an 
interesting result, in that the aspect ratio is predicted to converge to a fixed value, 
suggesting the morphology of a CME remains approximately constant after reaching 
Venusian distances (~150 Rs). This is contrary to the popular belief that, due to 
kinematic reasons, a CME continues to become more elongated as it evolves [Riley and 
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Crooker, 2004]. An informal description for the morphology of such an ICME has been 
to call them ‘pancake’ in structure (see section 2.3.1). For this situation, the 
convergence of the aspect ratio follows a simple formula in the limit of R  
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As the expansion ratio increases, the aspect ratio decreases to create an increasingly 
more circular cross section. In situ measurements at terrestrial distances have shown 
that the typical expansion ratio is of the order A ~0.1 [Forsyth et al., 2006]. This leads 
to a prediction that a CME aspect ratio between 4 and 6 would be expected throughout 
the heliosphere.  
 
 
Figure 6.6. CME aspect ratio as a function of distance (solar radii). Different expansion 
ratios are displayed, with the more typical value of A=0.1 shown in red. The results 
show converging values, producing a static morphology of an ICME. Aspect ratio of 1 
represents a circular object. >1 indicates the minor axis of an ellipse is along the radial 
line. 
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6.4.1 Varying CME expansion velocity 
 
The assumption of a constant expansion ratio is a limitation on the simple geometrical 
model we have implemented. In order to further refine our model, we can begin by 
modifying our prediction of the width of a CME. Instead of using a hypothetical growth 
term, we can include statistical work collected from in situ measurements onboard 
spacecraft.  
 
 
Figure 6.7. CME aspect ratio as a function of distance (solar radii). Different 
coefficients to the Bothmer et al. [1998] CME expansion rate are displayed.  Coloured 
dashed and solid lines represent method 1 and method 2, respectively. The curved grey 
dashed line reproduces the curve shown in figure 6.6 with A=0.1. 
 
 
 
As discussed in chapter 4, Bothmer et al. [1998] derived an empirical power law 
relationship between the radial width of a CME and heliocentric distance. This was 
based on in situ data from many spacecraft over a wide range of heliocentric distances. 
Each ICME was measured once by multiplying the average velocity measured in the 
time the spacecraft encountered the transient. For results obtained between the 
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heliocentric distances of 0.3 and 4.2 AU, a linear regression was used to generate the 
empirical formula 
                                    
)10.078.0()01.024.0()(  RRS             .                       (6.14) 
 
Equation 6.14 is a relationship quoted in a distance unit of AU. There are two possible 
methods for using this equation to estimate the width of an ICME. Method 1 replaces 
the width (W) in equation 6.11, with the new value of radial width, S(R), which is then 
substituted into equation 6.12. The modified formula from method 1 predicts the 
coloured dashed curves displayed in figure 6.7, which displays different solutions for a 
range of values of the coefficient, C, defined as 0.24 0.01 in equation 6.14. The dashed 
lines in figure 6.8 show solutions obtained by varying the exponent in equation 6.14.  
 
Method 2 deduces the width of a CME by using equation 6.14 indirectly. We use the 
equation to create an expansion ratio that varies as a function of heliocentric distance. 
For this, we consider two arbitrary moments in time after the CME is initiated. At both 
of these moments we may predict the ICME radial width from equation 6.14 
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During this time interval between t1 and t2, we are able to estimate the average bulk 
velocity and expansion speed as, 
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We are then able to convert the expansion ratio into a function of distance by 
eliminating the t, 
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We now use equation 6.14 to vary the rate of expansion via the use of equation 6.17. 
This new expansion rate as a function of heliocentric distance can then be implemented 
into the original aspect ratio formula in equation 6.12. This method 2 for removing the 
limitation imposed by a constant expansion ratio produces the solid curves in figures 6.7 
and 6.8. The reader will notice that the velocities estimated in equation 6.16 are the 
average between two positions in heliosphere. This can be considered to be the physical 
reason for the small difference in two methods. 
 
Figure 6.7 shows how the aspect ratio can vary for small variations of the coefficient 
term in equation 6.14. The varying results are an indication of the uncertainty within the 
coefficient. The large variability found in the widths and sizes of observed ICMEs is 
therefore expressed as an uncertainty in the aspect ratio in figure 6.7. Figure 6.8 also 
highlights the possible deviation in aspect ratio if the exponent in equation 6.14 were 
changed; this expresses the variability in growth rate of a CME as it propagates away 
from the Sun. In some part, this variable can be considered to express the average 
expansion ratio, A, parameter. 
 
Figure 6.8. CME aspect ratio as a function of distance (solar radii). Different exponents 
to Bothmer et al. [1998] CME expansion rate are displayed.  Coloured dashed and solid 
lines represent method 1 and method 2, respectively. The curved grey dashed lines 
represent the curves shown in figure 6.6 and 6.7. 
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6.5 Observations   
 
In understanding the structure of CMEs in interplanetary space, we have analysed in 
situ magnetic field and plasma measurements obtained by a number of spacecraft over a 
wide range of heliocentric distances. CMEs identified using data from the Helios, 
Pioneer Venus Orbiter (PVO), ACE and Ulysses missions have been investigated. 
CMEs outside 1 AU have been investigated using data obtained by Ulysses, which is 
also the only mission to have travelled significantly out of the ecliptic plane.  
 
Chapter 3 provides details of the instruments onboard the spacecraft used in this study. 
In our study, the ICMEs were first identified by using published data sets from ICME 
surveys for the Helios mission [Bothmer and Schwenn, 1998]; PVO [Jian et al., 2008]; 
Ulysses [Rees, 2003]; and ACE [Owens, 2003]. Although these sets of data were used 
as a starting point, all ICMEs were primarily identified by eye from a combination of a 
smooth rotation in the magnetic field, enhanced magnetic field magnitude, and a low 
proton temperature. However, none of these above characteristics is a necessary 
condition when some other features of magnetic field and plasma are prominent. This 
explains why we have identified some ICMEs without a clear flux rope signature. For 
some ambiguous events, where the start and end times were uncertain, a reliable 
measurement for the ICME radial width was unable to be made and therefore removed 
from the study. (See section 6.7 for the procedure of the final ICME selection). 
 
Due to our interest in how the CME aspect ratio varies with distance, the Ulysses data 
were selected during 1991-2004. This period includes the spacecraft transit period to 
Jupiter and the first two full orbital periods. For consistency of analysis all spacecraft 
magnetic field data were averaged to 10 minute time resolution (8 minutes for ACE). 
Due to the differing plasma instrument capabilities on each spacecraft, the plasma 
measurements were examined at the highest resolution available. This time resolution 
was of the order ~10 minutes. For Helios and PVO the solar wind speed magnitude was 
measured, and therefore assumed to be fully radial when used in later analysis. 
 
  164 
 
 
 6. ICME aspect ratio 
6.6 Experimental reconstruction 
 
During the passing of a CME over a spacecraft, the in situ instruments collect data 
about the transient’s properties along one dimension. Many attempts to infer the CME 
structure along a second dimension have been carried out, most notably by inferring the 
magnetic topology from models [e.g. Burlaga, 1988; Lepping et al., 1990; Vandas et al., 
1991; Marubashi, 1997]. These models set constraints onto the CME morphology, e.g. 
by requiring a circular cross-section or requiring a spacecraft to flow through a twisted 
field line twice. These models therefore attempt to determine the cross-section of the 
CME along two dimensions; while the third dimension of the CME is largely 
unconstrained, and broadly estimated from both average angular extent seen by 
coronagraphs [e.g. Cremades and Bothmer, 2004; Cremades and St Cyr, 2007] and the 
occasional multi-spacecraft observations [e.g. Burlaga et al., 1987; Bothmer and 
Schwenn, 1995; Cane and Richardson, 1995]. 
 
The speed of travel of a CME is much greater than that of the spacecraft itself. This 
implies the spacecraft may be approximated to being static while the transient flows 
past, and as a transient flows with the ambient solar wind in the radial direction, the 
measured dimension is along the radial line. This measurement is often used to 
determine the size of a CME by calculating the radial width as the average velocity 
multiplied by time the CME took to transit over the spacecraft [Bothmer and Schwenn, 
1998]. This method is a simplification as it does not take into account the orientation 
and distance of closest approach to the CME centre. Also, the CME properties are 
assumed to remain static for the duration of the CME passing over the spacecraft; this 
typically takes ~24 hours at terrestrial distances, whereas in reality, frequent 
observational evidence has shown that CMEs often expand on these timescales [e.g. 
Lepping et al., 2008]. 
 
This chapter aims to quantify the height of an ICME, i.e. measuring the cross sectional 
area, or the out-of-ecliptic height, H (see figure 6.4). This is inferred by extrapolating 
our understanding of the physics of interplanetary bow shocks. By measuring the global 
shock normal of an ICME and solar wind flow velocity, we can measure the Mach 
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number of the solar wind inflow. This can be used with the empirical relationship 
between shock standoff distance and obstacle size (Section 6.3.4). This relationship for 
bow shocks can be modified for ICMEs, so that a relationship between the shock 
standoff distance and radius of curvature at the nose can be made. This radius of 
curvature at the nose effectively generates a prediction for half the full height (½H) of 
an ICME (see section 6.6.1 for more details). 
 
Due to the required presence of a shock front and a fast CME, the selection process for 
CMEs in this study was further refined to only include those events where a shock wave 
was present. It was also important to find events where the transient boundaries were 
clearly identifiable. Although the magnetic profile was used to confirm the presence of a 
CME, verifying the presence of a flux rope with simple force-free modelling procedures 
was not necessary here. Throughout this chapter we will follow two case study events to 
illustrate our procedures, introduced in figure 6.9 and 6.10. Figure 6.9 displays an ideal 
ICME candidate from 1997 by Ulysses; here, the preceding shock front is clearly 
identifiable and a smooth rotation in the magnetic field easily defines the start and end 
times of the ICME structure. The three vertical dashed lines indicate the shock position, 
CME start point and end point. Figure 6.10 displays an ICME considered to be non-
ideal for our study; here the definition of the CME start and end times are more 
ambiguous, and as will be explained in more detail in section 6.7 the shock orientation 
was more unreliable. 
 
By the nature of the selection process, only ICMEs with clear shock fronts were 
included in this analysis. Figure 6.10 displays perhaps the worst possible example that 
was accepted into the final selection. In order for us to distinguish a shock from other 
forms of discontinuities, we must first understand their properties. For a contact (CD) or 
tangential (TD) discontinuity the flow of plasma across the surface must be zero. 
Therefore by simply measuring the shock normal and determining that the inflow speed 
is greater than zero, we can define the absence of a CD or TD. A shock is also 
compressive and increases entropy across the surface; therefore a measurable increase 
in density and temperature should be detected for the presence of a shock. These 
characteristics then eliminate the possibility for a rotational discontinuity, RD. 
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Figure 6.9. An example event from Ulysses in January 1997. The vertical dashed lines, 
from left to right, indicate the position of the shock front, the start point and end point of 
the ICME. The magnetic field in Cartesian coordinates are normalised to the magnitude. 
Also displayed in the bottom three panels are the proton velocity, proton number 
density and the proton temperature. This is an example of an ideal event where the 
shock normal was obtained by the PMS technique. 
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Figure 6.10. An event event from ACE in April 2001. The format of the panels are the 
same as figure 6.9. In this non-ideal case the MVA technique was used to determine the 
shock normal.  
 
 
 
6.6.1 Shock standoff distance 
 
If the speed of an ICME relative to the ambient solar wind is greater than the fast 
magnetosonic speed, then a shock wave is formed preceding the ICME. The solar wind 
plasma is deflected around the ICME in a manner similar to that observed for a 
planetary magnetosheath (see section 6.3.4), and it is this correlation that we draw upon 
to understand the characteristic radius of curvature of ICMEs. Spreiter et al. [1966] 
measured the position of the bow shock empirically with the use of a wind tunnel and a 
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model magnetosphere. This treatment allowed Russell and Mulligan [2002] to 
parameterise the radius of curvature of an ICME and correlate it to the shock standoff 
distance. The radius of curvature is affected by both the bend in the magnetic rope and 
the height of the ICME in the direction perpendicular to the plane containing the rope 
axis and the solar wind flow vector. Both of these dimensions are typically larger than 
the radial thickness of the ICME measured in situ. 
 
Spreiter et al. [1966] related the shock Mach number to the density jump across the 
shock as follows, 
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Here M is the upstream Mach number,  is the mass density, and  is the ratio of 
specific heats. Equation 6.18 can then be substituted into equation 6.7 in order to relate 
the solar wind inflow Mach number to the standoff distance. 
 
It should be noted that this empirical relationship was based on measurements taken for 
Mach numbers within the range of 5   M  100. This relationship states the shock 
location approaches a fixed distance away from the obstacle as the Mach number 
approaches unity, which presents a problem for low Mach numbers. To correct for this, 
Farris and Russell [1994] hypothesised a new relationship for equation 6.7 on the 
grounds that the shock location should move to infinity as the Mach number approaches 
unity: 
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where M1 is the downstream Mach number. This relationship yields the same value as 
equation 6.18 for high upstream Mach numbers. 
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Russell and Mulligan [2002] noted that the empirical constant of 1.1 determined 
experimentally in equation 6.7 was based on an obstacle that had a ratio between the 
terminator distance (DT) to the nose distance (DOB) such that, DT/DOB  = 1.35. Therefore 
for  = 5/3 Russell and Mulligan postulated that they could relate the shock standoff 
distance, , to the radius of curvature,Rc, by combining equation 6.7 and 6.18 to give: 
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Here the terms Rc, DT and half the height of a CME (½H) are all defined as the same 
parameter, but labelled differently by various authors. While adopting the low Mach 
number approximation of Farris and Russell  [1994] (equation 6.19), we obtain 
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The case study example investigated by Russell and Mulligan [2002] was based on in 
situ data from the Pioneer Venus Orbiter (PVO) during its approach towards Venus in 
August 1978. They obtained the average results for Rc (i.e. ½H) from both equation 
6.20 and 6.21, thereby yielding the conclusion that the aspect ratio of the investigated 
ICME was approximately 4. 
 
 
 
6.7 Shock normal analysis  
 
As mentioned earlier in section 6.5, in situ measurements of ICMEs identified from four 
spacecraft were inspected by eye. Due to the importance of a shock wave being 
associated with an ICME in our analysis, only events with a clear shock front present 
could be used. But as these shock waves only form for fast ICMEs, our analysis 
effectively investigates a subset of all ICMEs.  
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We began with a set of 81 candidate events obtained at a range of heliospheric distances 
and, in the case of Ulysses, over varying latitudes. Those with data gaps at crucial times 
such as at the shock transition for the plasma data or ICME start and end times for the 
magnetic field were removed from further analysis. Also those events where the 
uncertainty of the radial width appeared by eye to be more than 20% were also 
discarded; this was determined by the magnetic field, temperature and number density 
profile of the ICME. Events where determination of the shock normal orientation 
produced uncertain results (see below) were also removed. The final selection totalled 
45 events which are catalogued in Appendix A2. 
 
The orientation of the shock normals were calculated wherever possible by identifying 
Planar Magnetic Structures (PMS) over the sheath region (see section 6.3.1). As a first 
approximation, similar in process to Jones et al. [2002] and Kataoka et al. [2005], the 
sheath material applicable for PMS was defined as the interval between the shock and 
the period where the ICME began. The analysis period was then adjusted visually until 
the sample fields’ ordering remained planar. Generally, the most consistent results were 
found by taking the full period between the shock and the start of the ICME.  
 
Unfortunately planar structuring is not always observed in ICME sheaths, and this 
further limits the subset of events suitable for this study. Kataoka et al. [2005] found 
that PMS structures are best observed for Alfven Mach numbers above 2; and as shown 
schematically in figure 6.11, Jones et al. [2002] found that planar structuring may be 
difficult to form behind a quasi-parallel shock. So for this reason, a second method for 
determining the shock normal was also implemented - MVA over the shock transition. 
This method was predominately used for a reliability check on the normal vector 
obtained using the PMS technique. Here, if the Bnu determined between both methods 
was less than 15 and the eigenvalue ratios were greater than 5 [Bothmer and Schwenn, 
1998], then the solution generated from PMS was taken to provide the normal.  But for 
the events where the Bnu for both methods were greater than 15 the event was 
discarded as unreliable. MVA over the shock transition was used to determine the shock 
normal for seven events, when the CME possessed a clear flux rope structure with 
identifiable boundaries but no clear planar structuring. These results remained in the 
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selection, with figure 6.10 displaying an example event where the MVA determination 
of the normal was used.  
 
 
Figure 6.11. A schematic displaying the possible effects of creating PMS with two 
different magnetic field geometries. a) Quasi-perpendicular case – PMS forms behind 
the shock by compression and alignment of exciting fields. b) Quasi-parallel – Although 
compression and draping still occurs, the configuration is less conducive to PMS 
formation. Adapted from Jones et al. [2002]. 
 
 
In the PMS scenario, the solar wind is compressed onto a common plane parallel to the 
shock plane. The PMS analysis method should thus provide a more global estimate of 
the shock normal, as opposed to a more local one estimated by MVA. A single 
observation made from one entry point into a shock opens up the prospect that the 
deduced normal may be affected by local variability or waves on the shock surface 
[Schwartz, 2006].  
 
For events exhibiting PMS the shock normal was ultimately determined by applying 
MVA over the whole sheath region. This is the same method employed by Jones et al. 
[2002]. The result of MVA can be checked by inspecting the eigenvalue ratios between 
the minimum (3) and intermediate (2) direction. Hodograms were used as a visual tool 
and the quantitative ratio was measured; these diagrams track the magnetic field vector 
projected onto the plane perpendicular to the MVA normal. A consistent requirement of 
2/3  5 was set throughout the analysis.  
 
The magnetic field vectors within the measured sheath region were also plotted 
alongside the plane perpendicular to the PMS normal (figure 6.12). The field vectors 
should follow the curve traced out by the perpendicular plane if PMS is present. Figure 
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6.12 shows two examples produced from the ICMEs shown in figure 6.9 and 6.10. 
Therefore, figure 6.12 displays both scenarios of when PMS is and is not observed. The 
figure shows the normal direction by a  symbol and the plane perpendicular to the 
normal shown as a red curve. The scattered points show the direction of the observed 
magnetic field vectors. These cluster around the plane when PMS is present, whereas 
for the case where PMS was not observed the vectors can be seen to orientate 
independently of the plane. In the latter case MVA over the shock transition was used to 
determine the normal. 
 
 
Figure 6.12. Shock normal displayed as , and the plane perpendicular to the normal 
shown as the red curve. Blue scatter points are the individual magnetic field vectors in 
the sheath region. Left: scatter plot from the Ulysses event shown in figure 6.9. This is 
good example of an event displaying PMS. Right: an event seen by ACE and shown in 
figure 6.10. This event does not display PMS and required the alternative MVA method 
to deduce the shock normal direction. 
 
 
 
As the shock normal was determined using a MVA procedure, the magnetic field 
vectors were maintained at an average of ten minutes time resolution throughout the 
analysis (eight minutes for ACE data). This averaging of the magnetic field data is often 
used for magnetic cloud fittings described in section 2.6 [Lepping et al., 2006]. 
Although this investigation does not discriminate between ICMEs that do and do not 
observe a signature of flux ropes, it is intriguing to question if this distinction has any 
relevance to our study.  
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6.8 Results 
 
Once the shock normal was calculated, the upstream Mach number was determined 
using the procedures described in section 6.3. This required determining the position of 
the shock front, the start time and end times of the ICME. Lepping et al.[2003; 2006], 
among others, have previously alluded that the determination of these times can be one 
of the largest sources of uncertainty. For this study the shock front was inspected 
primarily for a density jump but also for a magnetic field intensity jump (see case study 
figures 6.9 and 6.10). The start and end point of the ICMEs were identified primarily 
from the magnetic field. As can be seen in figure 6.9 and 6.10, a reduced field variance 
was present, as well as a smooth rotation in the field and a reduction in temperature.  
 
The radial width of an ICME was estimated in a similar way to previous in situ studies  
by e.g. Bothmer and Schwenn [1998]. The radial width is obtained by multiplying the 
average velocity, <V>, within the ICME interval to the time the ICME took to transit 
the spacecraft. The radial width of the sheath, which ultimately leads to the inferred 
height of an ICME, was calculated by using the same technique. The radius of curvature 
was then calculated using equations 6.20 and 6.21 with the shock stand-off distance and 
the upstream Mach number. This radius of curvature is then estimated to equal the half-
height of the ICME; and hence, by calculating the ratio between the radial width and the 
inferred height, we are able to estimate the aspect ratio. 
 
The results are fully listed as a table in Appendix A2. For each event we display the 
time intervals of the ICME, the Mach number and estimated aspect ratio. Also included 
are qualitative and specific comments on the analysis of each event. The resulting aspect 
ratios are plotted against heliocentric distance in figure 6.13. 
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Figure 6.13. Scatter plot of aspect ratio against heliocentric distance for 45 ICMEs. 
Brown dashed curve – the geometrical prediction of the ICME aspect ratio for a 
constant expansion rate (A=0.1); refer to figure 6.6 for more details. Red solid curve – 
the geometrical prediction by using a varying expansion rate similar to that estimated by 
Bothmer et al. [1998]; refer to figure 6.7 and 6.8 for more details.  
 
 
 
6.8.1 Geometrical comparison  
 
The majority of the events investigated in this study come predominately from the 
Ulysses mission due to the large data set and varying heliocentric distance. Thus, our 
study investigates CME morphology in the heliosphere, not only within the region 
between the Sun and the Earth, but also out to Jovian distances.  
 
As discussed in section 6.4, by assuming either constant or varying rates of expansion 
for an ICME, we can make simple predictions of the aspect ratio based on geometry. 
Figure 6.13 includes these geometrical predictions by assuming a constant rate of 
expansion (dashed line) and one where the expansion rate varies as a function of 
heliospheric distance (solid line).  
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For the region of space where in situ measurements have been taken, the predicted 
aspect ratio varies approximately between 3 and 6. Our estimates of the aspect ratio 
from observations indicate that the scatter is not centred on the geometrical predictions, 
but is in fact bounded from above by the geometrical prediction from a varying 
expansion rate. Although the scatter of the results is relatively large they appear to be 
bounded from below by an aspect ratio of one (i.e. a circular object).   
 
The simplest scenario of a constant expansion rate predicts the aspect ratio should 
converge to around 5. Four events were found to have a more-elliptical (‘flatter’) cross 
section than this prediction, suggesting that the assumption of constant expansion rate is 
perhaps an over-simplification. However, this behaviour as a function of heliocentric 
distance is very useful for simple ‘back-of-the-envelope’ calculations, as it shows that 
~90% of the events studied are bounded by this curve. Equation 6.13 can then be used 
to simply predict the aspect ratio convergence value for CMEs as they propagate out 
into the heliosphere, if the angular width is remotely observed by coronagraphs.  
 
Three out of the four events that appear ‘flatter’ are also significantly further from the 
Sun than the average event. This suggests that the aspect ratio may increase with 
heliocentric distance and not converge. This therefore implies that the varying rate of 
expansion is more applicable to ICMEs than the assumption of a constant aspect ratio. 
 
As the aspect ratio is highly dependent on the Mach number, which itself requires the 
shock normal, the uncertainty of determining this vector provides the single biggest 
uncertainty in our results. To study the uncertainty in the normal, five example events 
were taken, four using the PMS analysis and one using the MVA. For these examples 
the normal was rotated in the azimuthal and meridional direction in 2 degree increments 
for a maximum deviation of 15 degrees for each direction. For each new vector the 
aspect ratio was recalculated. This provides a geodesic square on a surface of a sphere 
within which the aspect ratio was determined. Figure 6.14 shows the resulting surfaces 
for our two case study events, but for display purposes a larger maximum deviation of 
30 degrees is shown. The colour-map displays the changing aspect ratio. For each of the 
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five events the average and standard deviation of the aspect ratio was determined. These 
results showed a standard deviation of the order of 6% of the calculated ratio. 
 
 
Figure 6.14. A surface map for the varying aspect ratio with shock normal direction. 
The surface displays a geodesic square on a sphere, centred on the calculated shock 
normal. Left: from the Ulysses event in January 1997, figure 6.9. Right: from the ACE 
event in April 2001, figure 6.10.  
 
 
As is often the case, there are other sources of uncertainty inherent within this analysis, 
such as the justification of the empirical formula that underpins the inferred height of a 
CME; this is likely to cause a systematic error and therefore perhaps shift the results to 
be centred on the geometrical predictions. The other significant uncertainty is the 
identification of the start and end timings of each ICME. This is significant albeit 
somewhat difficult to quantify [Lepping et al., 2003]. For this reason, it was felt 
reasonable to increase to total uncertainty in our aspect ratio to 10%. This uncertainty 
margin is plotted as error bars on figure 6.13. 
 
The results from the 45 events show that they are predominately elliptical. The mean 
aspect ratio from these results is 2.6, with a standard deviation of 1.4. This strongly 
supports that interplanetary CMEs are elliptical, and have significantly evolved away 
from the circular cross-section found in the high solar corona estimated by remote 
observations [e.g. Savani et al., 2009]. Figure 6.15 displays a histogram of the aspect 
ratio, this figure also displays a Gaussian distribution using the mean () and standard 
deviation () calculated earlier. Our results would more likely behave with a Poisson 
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distribution due to a possible extended tail, but we invoke the central limit theorem. (If 
the expansion velocity of an ICME varies with distance then the aspect ratio is likely to 
increase with distance, therefore a ‘tail’ of large aspect ratios is likely to form if more 
events at larger distances are introduced.)  
 
 
Figure 6.15. A histogram of the aspect ratios of 45 ICME events from figure 6.13. 
Shown in red is the Gaussian distribution with the same mean and standard deviation as 
the observations. 
 
 
A significant proportion of ICMEs were found to have aspect ratios between ~1-1.5. 
This suggests that a large fraction of events appear to be quasi-circular in cross-section. 
This provides substantial support to the justification for the use of simplistic constant-
alpha force-free flux rope models. These models have often been used to approximate 
the rope orientation and axis field strength, but have come under significant scrutiny 
over the last decade as predictions of their quasi-elliptical nature have been investigated. 
 
We did not distinguish between high and low latitude CMEs in our study, even though 
Gosling et al. [1998] had noticed that many ICMEs which are ejected from high 
latitudes behave differently to the low latitude ICMEs – they often exhibit a forward 
and reverse shock. They suggested this was due to high internal pressures and termed 
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these ICMEs to be overexpanding. We note that within our selection 6 Ulysses events 
were observed at latitudes of greater than 40. The aspect ratio of these ICMEs varied 
between 1.7 and 5.5 while their upstream Mach numbers ranged between 1.5 and 4.3. 
There appears to be no correlation between these variables, although a full statistical 
analysis was not carried out due to the low number of events. 
 
 
 
6.9 Discussion and Conclusion  
 
The main conclusion from our study is that there is strong evidence for ICMEs to be 
elliptical and not circular. This idea alone is not new and has been investigated 
previously by various methods [e.g. Riley and Crooker, 2004; Odstrcil et al., 2005; 
Owens et al., 2006]. Previously work has been undertaken both observationally [e.g. 
Russell and Mulligan, 2002; Liu et al., 2006] and through simulations to quantify the 
aspect ratio of ICMEs in the heliosphere. However, unlike previous observational 
studies which have been centred on case studies at a fixed heliocentric distance, the 
work presented here is the first attempt to quantify the two dimensional structure of 
ICMEs and to monitor this evolving shape at different heliocentric distances. We 
compare this to simple geometrical predictions that show an aspect ratio ranging 
between 3 and 6 is expected. We show that if a constant rate of expansion is assumed 
the geometry predicts the aspect ratio to converge to a fixed value.  
 
A survey of 45 ICMEs, from four spacecraft, at different heliocentric distances was 
carried out. These results provide an average aspect ratio of 2.6  1.4, clearly indicating 
that ICMEs have deviated away from the ideal cylindrical structure of a perfect force-
free magnetic flux rope. The results themselves are not scattered equally on both sides 
of the geometrical model, as would have been predicted. Instead they appear to be 
bounded by this curve. The results suggest the transients are more circular than 
predicted by the model and are bounded from above by the geometrical model, and 
bounded from below by an aspect ratio of 1 (i.e. a circular shape). The results also show 
that if a CME can be observed remotely by coronagraphs and its angular width can be 
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determined, then with high probability (~90%), an upper bound aspect ratio can be 
determined for this CME anywhere between the Sun and 5.5AU, simply by equation 
6.13. 
 
The aspect ratio from all the events presented here are scattered with a large standard 
deviation with respect to the mean, and they also do not follow the predicted 
geometrical model. For these reasons it is prudent to bring a critical eye to the 
conclusions and identify the assumptions and limitations to this study. 
 
Firstly, the recent observations by Savani et al. [2010] (see Chapter 5) have shown that 
ICMEs may become significantly distorted as they interact with the ambient solar wind 
and travel away from the Sun. ICMEs travelling at different speeds to the ambient solar 
wind are likely to have distortions due to their interaction with different solar wind 
streams travelling at different speeds; as have been shown with simulations [e.g. 
Odstrcil and Pizzo, 1999; see also section 2.3.4]. This would then lead to a single large 
ICME appearing to act as multiple smaller ICMEs with a more circular cross-section – 
this is one possible idea to explain why our results predict a more circular structure than 
geometrically predicted. Conceptually this has been hypothesised by Owens [2009], but 
the author believes this is driven by magnetic reconnection from the presence of a 
current sheet within an elongated ICME. The work presented in Chapters 5 and 6 
suggests a similar outcome but driven by the interaction between the ICME and the 
solar wind - creating a distortion to the ICME morphology. This would then lead to the 
appearance of ICMEs with more circular cross-sections when measured in situ. 
 
Another important concern is the evolving nature of ICMEs. Owens et al. [2006] 
showed that a radial cut through a model at a fixed point in time can give a significantly 
different result to a model that evolves a magnetic flux rope in time past a fixed 
position. This is simply because the morphology of the ICME changes in the time taken 
to pass over the spacecraft. This is important as we are assuming an inferred height of a 
CME at the beginning of the transit, but only measure the full width of the CME at the 
time when the spacecraft exits the transit. Therefore this implies our method would 
generate a more circular structure than the reality.  
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Our estimation of the height of the CME is based on determining the radius of curvature 
of the ICME front edge. This radius of curvature physically depends on both the curved 
axis of the rope structure and the height of the ICME in the direction perpendicular to 
the radial and rope axis. Our procedure also assumes the spacecraft always passes 
through the ICME centre, with the empirical relationship being derived from studies 
about the radius of curvature on a magnetosphere at the nose. This is a simplification to 
the problem. If a new empirical relationship could be generated for impacts that 
occurred away from the nose of a magnetosphere then improvements to this study may 
be attempted. By optimising a constant-alpha force-free flux rope model to the in situ 
data, the impact parameter may be determined. This distance of closest approach can 
then be used with the new empirical relationship, and perhaps the aspect ratios may 
provide more realistic comparisons to the geometrical model. 
 
 
Figure 6.16. A colour map indicating the solar wind velocity perpendicular to the 
incident solar wind. Left: A simulation of Earth’s magnetosphere. Right: A simulation 
of an ICME sheath and shock region. For the purposes of this figure, the scales have 
been normalised so that the radii of curvature of two obstacles are similar. Lines to the 
colour contour of the ICME sheath has been marked and superimposed onto the 
magnetosheath for clarity of displaying the difference between the two. Figure taken 
from Siscoe and Odstrcil [2008]. 
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Siscoe and Odstrcil [2008] used simulations to investigate the properties of the sheath 
region between ICMEs and their associated shock front. They propose that due to the 
expansion property of ICMEs, the ICME sheath region differs from planetary sheaths. 
Figure 6.16 displays a simulation from their paper of the Earth’s magnetosphere and an 
ICME. The scales are normalised in order to make a direct comparison. The lines on the 
colour contour of the ICME (right panel) are superimposed onto the magnetosphere for 
clarity of the marked difference of the two obstacles. They argue that solar wind piles 
up in front of an ICME instead of flowing around it, and believe the resulting ICME 
sheath is thinner than those of planetary magnetosheaths. This suggests our correlation 
of planetary shocks and ICME shocks may be misplaced, but their conclusions are yet 
to be supported observationally. A possible correction for this would be to deduce a new 
empirical formula, based on the equation by Spreiter et al. [1966]. That is to say, the 
factor of 1.1 as a constant of proportionality in equation 6.7 and 6.19 should be different 
for ICMEs. 
 
Event-to-event variability of ICMEs has been a source of uncertainty for survey type 
studies undertaken previously [e.g. Bothmer and Schwenn, 1994; 1998; Liu et al., 
2004]. This was also to be expected for our study. However the new heliospheric 
Imager (HI) camera on the STEREO mission has a larger field of view than previous 
coronagraph instruments. This enables remote observations at distances further away 
from the Sun, where only in situ measurements had been previously available. 
Therefore, similar to the work in Chapter 4 and 5 (see also Savani et al. [2009; 2010]), 
the evolving aspect ratio of a single ICME may be investigated over large distances. In 
the future, it is hoped that these types of detailed studies may substantially reduce this 
variability caused between events.  
 
With new heliospheric missions planned for the near future (e.g. Solar Probe Plus, or 
Solar Orbiter), more in situ measurements from much closer to the Sun can be carried 
out. This will enable a deeper understanding of CME evolution, and will help expand 
our study to a larger range of heliocentric distances. 
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Chapter 7 
 
Concluding remarks 
 
 
 
The motivation for studying coronal mass ejections (CMEs) and their interplanetary 
manifestations (ICMEs), is primarily to investigate the influence of these objects onto 
Earth’s magnetosphere. The geo-effectiveness of these transients to Earth’s environment 
is usually investigated by scientists under the umbrella of space weather studies. The 
size, frequency, causes and effects are of particular concern to the space-weather 
scientist. There are a number of concerns involving impacts on telecommunication 
satellites, electricity grids and commercial pilots to name a few.  
 
This thesis began with an overview of the Sun, the heliosphere and the processes that 
affect Earth’s near space environment. The Sun has many complex processes occurring 
over many different scale lengths. This complexity permeates into the variety of 
research being undertaken by today’s scientists. Here, we concentrated on the evolving 
shape and structure of CMEs. Although these are not the only source of geomagnetic 
activity, they are the source of the largest events recorded. To understand the reasons for 
the changing morphology as they propagate into the heliosphere, it is important for us to 
understand their initiation process, to the best of our ability. This exact process is still 
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not completely understood, but recent work from simulations and observations have 
made significant progress.  
 
Previously, direct observational evidence on CME morphology has been limited to two 
domains: images from observations of the Sun’s upper atmosphere via a coronagraph, 
which blocks out the intense solar radiation with an occulting disc; and in situ 
measurements providing single point data in interplanetary space. The recent launch of 
the STEREO mission, in 2006, has been able to change this with the aid of the 
Heliospheric Imager (HI) cameras. Chapter 3 investigated the basic capabilities of this 
instrument and the techniques used for study. This instrument is now able to extend are 
remote sensing capabilities by broadening the field of view from our cameras. 
 
As CMEs emerge from the Sun’s corona, they have often been considered cylindrical in 
shape. This is born out of investigating their magnetic field configuration, but it has 
been hypothesised for some time that the resulting circular cross-section is not true for 
distances further away from the Sun.  If the CME is to propagate radially away from the 
Sun, as does the solar wind, then this circular shape is predicted to distort into an 
elliptical object. The first piece of work presented in this thesis (Chapter 4) began with 
an investigation of an ideal CME of circular cross-section observed by the inner HI 
camera. The images analysed are from STEREO-A in February 2008. They show a 
CME with a circular shape transiting through the field of view.  The growth of the 
object was investigated by fitting a circular model onto the images.  
 
The field of view of HI allows scientists to picture the shape of CMEs in a region of 
space that has previously been unobservable. Our results for growth rate were compared 
to previous work which was based on in situ measurements. Their investigations differ 
from the one presented here by taking measurements at distances much further away 
from the Sun, and by using a statistical approach for many CMEs.  
 
As our work measures the size of a single CME at multiple positions, our result is not 
affected by the large variance found naturally between events. We show that the CME 
grows at a slightly slower rate than the results from previous statistical surveys. We 
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hypothesise this could be due to large explosive CMEs skewing the previous statistical 
approach, or that the extreme minima of the current solar cycle may have an effect. 
With more time and more events, we hope that this approach may be used for many 
more CMEs. This will improve our predictive capabilities for space weather events. 
 
Later, in Chapter 5, we relaxed this circular assumption by following a more kinematic 
approach to CMEs. We began by using a model developed by Owens et al. [2006]. 
They assumed a CME begins with a circular cross section close to the Sun, and 
propagated it in the radial direction. This would then lead to an elliptical cross–section 
that would distort if different sections were propagated at different speeds. The bimodal 
display of the propagation was to simulate fast and slow solar wind streams found in the 
heliosphere. An example CME exhibiting this behaviour was found using STEREO-B 
during November 2007. The background solar wind speed was estimated by using a 
synoptic map from a 3D MHD simulation for the period of interest. After predicting the 
approximate longitude of propagation, the latitudinal profile of the solar wind was used 
with the kinematic CME model to propagate different segments at different speeds. The 
results showed a qualitative agreement between the observations and the model. During 
the fitting procedure a reduction factor to the solar wind extremes was required. This 
factor reduced the overall distortions occurring on the CME model, and can be 
considered to act in a similar manner to a magnetic tension force. This factor remained 
approximately constant throughout the 11 consecutive images analysed. We found that 
the change in the global CME morphology from a circular to concave structure occurred 
over a relatively short range of coronal heights (20 – 50Rs), after which the shape 
remained, on the whole, unperturbed. The fact that the distortion occurs over a narrow 
range of coronal heights suggests a change in the balance of forces dictating the CME 
shape. 
  
Finally, in Chapter 6, we moved further away from the Sun and implemented a more 
statistical approach to ICMEs by investigating in situ measurements. This work 
concentrated on archived data from Helios, PVO, ACE and Ulysses. Here, we attempted 
to quantify the aspect ratio of an ICME at distances where cameras are no longer able to 
observe them in white light. As transients travel over spacecraft, the in situ 
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measurements provide a one dimensional width of the CME in the radial direction. In 
order to deduce a 2D view of CMEs, similar to our work in the previous chapters, we 
assumed the behaviour of shock fronts ahead of ICMEs is similar to the Earths bow 
shock. The inferred height required analysis of previous work on bow shocks. This 
empirically quantified the ratio between the shock standoff distance and the radius of 
curvature of the magnetosphere. This radius of curvature has been used to estimate the 
height of an ICME for a case stud event; thereby quantifying the aspect ratio of an 
ICME. 
 
Our work expanded on this previous analysis by considering 45 ICMEs over a range of 
heliospheric distances. These results provided an average aspect ratio of 2.64  1.4, 
clearly indicating that ICMEs have deviated away from the ideal cylindrical structure 
dictated by a magnetic flux rope. The results were compared to a simple geometrical 
model which was created by assuming radial flow and a predicted radial expansion. But 
the data were found not to be scattered equally on both sides of the model - as would 
have been predicted. Instead they appear to be bounded by this curve. The results 
suggest the transients are more circular than expected and are bounded from above by 
the geometrical model, and bounded from below by an aspect ratio of 1 (i.e. a circular 
shape). The results also show that if an ICME can be observed remotely by 
coronagraphs and its width can be determined, then with high probability (~90%), an 
upper bound aspect ratio can be determined for this CME anywhere between the Sun 
and 5.5AU, simply by equation 6.12. This work can be improved with better 
comparisons of the sheath region surrounding ICMEs and magnetospheres. Also the 
future Solar Probe mission will provide in situ measurements closer to the Sun than ever 
before, thereby expanding on the results we have presented.  
 
The work presented here can be used as conceptual ideas for further statistical study on 
the growth of CMEs between the Sun and the Earth. With greater understanding on the 
shape and sizes of transients, more accurate forecasting and now-casting procedures can 
be developed. With further development, these methods can then better predict the 
economic effects on nations. This year we have seen the severe economic impact that 
can be created by natural disasters. The effect of the Icelandic volcano, Eyjafjalla, 
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erupting has cost London alone more than £100 million in lost tourism from just one 
week, according to London’s mayor and Visit London. Therefore a country’s lost 
revenue due to the closure of air travel and reduced telecommunications can be 
substantial. 
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Appendix 1. Minimum variance analysis 
 
Minimum variance analysis was originally developed to find the local normal to a 
magnetic discontinuity from single spacecraft in situ data [Sonnerup and Cahill, 1967; 
Sonnerup and Scheible, 1998]. In this thesis MVA is used to calculate the normal to 
interplanetary shock surfaces created by supersonic ICMEs and for determining the axis 
orientation of flux rope signatures.  
 
From Maxwells equations we know the divergence of the magnetic field is zero, and as 
we know the field component perpendicular to a discontinuity must be continuous, then 
the sum of fluctuations in the normal component of the magnetic field should be much 
smaller than the fluctuations in the other two components. Thus the estimation of the 
fields’ minimum variance direction is equivalent to estimating the normal to the 
discontinuity. By considering a time interval with M data points with each field vector 
denoted by B
m
 (m = 1, 2, 3….M), the normal direction corresponds to the minimisation 
of the quantity 2: 
                                             


M
m
m
M 1
22 ˆˆ
1
nBnB                                   (A.1) 
Where <B> is the mean magnetic field vector over the interval. By constraining the 
magnitude of the normal vector to equal one, the minimisation of the variance equation 
A.1 is then equivalent to solving the eigenvalue problem: 
                                                           

  nn ˆˆ
3
1


M                                          (A.2) 
Where the subscripts  = 1, 2, 3 represent the three vectors in a cartesian coordinate 
system. M is defined as the covariant matrix for the magnetic field data. The values of  
are the eigenvalues for the covariant matrix such that ,  and are in the order of 
decreasing value and associated with the eigenvectors e1, e2, and e3, respectively. 
Therefore these vectors give the directions of maximum, intermediate and minimum 
variance. During the implementation of MVA, it is therefore constructive to determine 
the ratio of eigenvalues; with the larger ratios indicating a more confident variance 
direction. 
  188 
 
 
 Appendix 2 
T
a
b
le
 A
2
. 
A
 s
e
le
c
te
d
 C
M
E
 s
u
rv
e
y
 o
v
e
r 
m
u
lt
ip
le
 s
p
a
c
e
c
ra
ft
 t
h
ro
u
g
h
 s
o
la
r 
c
y
c
le
 2
1
- 
2
3
, 
fo
r 
th
e
ir
 s
h
o
c
k
 f
ro
n
ts
 a
n
d
 P
M
S
 c
o
n
fi
g
u
ra
ti
o
n
 i
n
 t
h
e
 s
h
e
a
th
S
p
a
c
e
c
ra
ft
Y
E
A
R
D
O
Y
S
h
o
c
k
D
is
ta
n
c
e
,
M
A
C
H
 #
A
S
P
E
C
T
S
h
o
c
k
 
C
o
m
m
e
n
ts
S
ta
rt
 T
im
e
E
n
d
 T
im
e
R
s
R
A
T
IO
H
e
li
o
s
 1
1
9
7
7
3
3
5
0
5
.0
2
1
3
.3
7
2
3
.0
5
1
6
1
.3
1
.5
1
.8
M
V
A
  
  
P
M
S
 a
n
d
 M
V
A
 s
im
ila
r 
re
s
u
lt
s
. 
M
V
A
 u
s
e
d
 a
s
 b
e
tt
e
r 
ra
ti
o
.
H
e
li
o
s
 2
1
9
7
8
0
0
3
1
4
.3
2
7
.5
5
+
2
4
1
7
.4
8
+
4
8
2
0
2
.2
1
3
.6
3
.4
P
M
S
  
  
S
o
m
e
 d
a
ta
 g
a
p
s
 i
n
 m
a
g
. 
d
a
ta
 i
n
 s
h
e
a
th
 r
e
g
io
n
- 
p
la
s
m
a
 
s
e
e
m
s
 o
k
. 
P
M
S
 E
ig
e
n
 r
a
ti
o
 m
u
c
h
 b
e
tt
e
r 
th
a
n
 M
V
A
H
e
li
o
s
 2
1
9
7
9
0
9
2
1
9
.3
2
0
4
.1
1
+
2
4
1
3
.2
8
+
4
8
1
4
6
.3
2
.4
0
.9
P
M
S
  
  
c
le
a
r 
d
a
ta
 F
R
. 
B
o
th
 n
o
rm
a
l 
m
e
th
o
d
s
 v
 c
o
n
s
is
te
n
t.
 
H
e
li
o
s
 1
1
9
8
0
1
7
1
1
9
.0
6
1
.5
5
+
2
4
1
9
.4
6
1
1
4
.0
5
.7
1
.8
P
M
S
  
  
P
M
S
 g
o
o
d
. 
B
u
t 
lim
it
e
d
 s
e
le
c
ti
o
n
 t
a
k
e
n
. 
E
ig
e
n
 r
a
ti
o
 b
e
tt
e
r 
th
a
n
 
M
V
A
. 
P
V
O
1
9
7
9
0
0
7
2
2
.2
2
9
.4
7
2
2
.3
1
1
5
4
.9
2
.8
2
.7
M
V
A
  
  
P
M
S
 b
a
d
. 
C
M
E
 i
s
 c
le
a
r 
b
u
t 
n
o
t 
q
u
it
e
 i
d
e
a
l.
 M
V
A
 g
re
a
t 
E
ig
e
n
 
ra
ti
o
P
V
O
1
9
7
9
2
0
2
1
5
.0
7
2
0
.1
4
0
8
.1
1
+
2
4
1
5
4
.9
4
.5
1
.2
P
M
S
  
  
P
M
S
 g
o
o
d
, 
b
u
t 
w
it
h
 v
. 
fe
w
 d
a
ta
 p
o
in
ts
. 
L
in
e
a
r 
v
e
l 
p
ro
fi
le
. 
B
u
t 
n
o
t 
c
le
a
n
 F
lu
x
 r
o
p
e
 s
tr
u
c
tu
re
P
V
O
1
9
8
0
0
9
8
0
.3
2
+
2
4
1
1
.2
2
0
5
.2
1
+
4
8
1
5
4
.9
1
0
.0
2
.3
P
M
S
  
  
P
M
S
 g
o
o
d
- 
b
u
t 
o
n
ly
 i
f 
u
s
e
 e
a
rl
y
 s
e
c
ti
o
n
. 
P
V
O
1
9
8
1
2
0
1
1
2
.3
6
1
9
.3
5
1
0
.1
9
+
2
4
1
5
4
.9
6
.3
1
.5
M
V
A
  
  
P
M
S
 b
a
d
.N
O
T
 g
re
a
t 
e
x
a
m
p
le
. 
V
e
lo
c
it
y
 d
a
ta
 g
a
p
P
V
O
1
9
8
3
1
2
9
1
0
.3
3
2
2
.3
7
1
1
.1
4
+
2
4
1
5
4
.9
3
.4
3
.7
P
M
S
  
  
P
M
S
 o
k
 w
h
e
n
 u
s
in
g
 s
e
le
c
t 
in
te
rv
a
l.
 P
M
S
 c
o
n
s
is
te
n
t 
w
it
h
 M
V
A
 
b
u
t 
w
it
h
 g
re
a
t 
E
ig
e
n
 r
a
ti
o
.
P
V
O
1
9
8
4
0
3
9
1
2
.0
1
0
4
.4
4
+
2
4
0
6
.4
9
+
4
8
1
5
4
.9
5
.5
3
.6
P
M
S
  
  
P
M
S
 g
o
o
d
. 
C
M
E
 c
le
a
r 
F
R
P
V
O
1
9
8
4
0
4
8
0
9
.2
1
1
4
.0
8
2
.2
8
1
5
4
.9
4
.0
1
.1
P
M
S
  
  
P
M
S
 o
k
. 
C
M
E
 n
ic
e
. 
F
R
 s
h
o
c
k
 o
k
. 
D
a
ta
 g
a
p
s
 i
n
 r
e
le
v
a
n
t 
p
la
c
e
s
 m
a
d
e
 c
a
lc
u
la
ti
o
n
 n
o
t 
c
o
m
p
le
te
ly
 a
c
c
u
ra
te
A
C
E
1
9
9
8
0
6
3
0
8
.5
9
1
5
.0
8
2
0
.0
1
+
2
4
2
1
3
.0
2
.4
0
.5
M
V
A
  
  
P
M
S
 v
e
ry
 b
a
d
. 
F
e
w
 d
a
ta
 p
o
in
ts
. 
M
V
A
 u
s
e
d
. 
C
o
rr
e
la
te
s
 t
o
 
p
e
rp
e
n
d
ic
u
la
r 
to
 a
x
is
 f
ro
m
 F
R
 m
o
d
e
l
A
C
E
1
9
9
8
2
6
7
2
1
.1
4
0
6
.4
8
+
2
4
1
5
.4
4
+
4
8
2
1
3
.0
3
7
.8
1
.4
P
M
S
  
  
G
re
a
t 
P
M
S
. 
E
ig
e
n
 r
a
ti
o
 o
n
ly
 m
a
g
in
a
ly
 b
e
tt
e
r 
th
a
n
 M
V
A
. 
L
a
rg
e
 
M
a
c
h
 #
.
A
C
E
1
9
9
9
1
0
6
0
9
.5
9
2
2
.1
2
1
8
.4
1
+
2
4
2
1
3
.0
1
.1
0
.9
P
M
S
  
  
G
o
o
d
 F
R
 m
a
g
. 
fi
e
ld
. 
B
u
t 
P
M
S
 i
s
 o
k
 i
f 
u
s
e
 m
id
 s
e
c
ti
o
n
 o
n
ly
. 
A
C
E
2
0
0
0
3
1
1
0
8
.0
1
2
2
.0
6
1
6
.0
4
+
2
4
2
1
3
.0
2
.6
2
.6
P
M
S
  
 P
M
S
 g
o
o
d
 i
f 
u
s
e
 m
id
 s
e
c
ti
o
n
 o
n
ly
. 
F
R
 C
le
a
r 
B
fi
e
ld
 r
o
ta
ti
o
n
.
A
C
E
2
0
0
1
1
0
1
1
1
.3
2
0
8
.0
1
+
2
4
0
6
.5
6
+
4
8
2
1
3
.0
3
.4
3
.4
M
V
A
  
  
P
M
S
 i
s
 v
 b
a
d
. 
C
le
a
r 
m
a
g
 f
ie
ld
 F
R
. 
A
C
E
2
0
0
1
3
0
4
1
2
.0
6
2
0
.5
0
.
0
5
.5
1
+
4
8
2
1
3
.0
2
.4
0
.9
P
M
S
  
  
P
M
S
 o
k
/g
o
o
d
. 
C
le
a
r 
B
fi
e
ld
 r
o
ta
ti
o
n
.
A
C
E
2
0
0
2
2
3
0
1
6
.1
6
1
8
.1
9
+
2
4
2
0
.1
4
+
7
2
2
1
3
.0
4
.6
2
.5
M
V
A
  
  
P
M
S
 b
a
d
. 
M
a
g
. 
fi
e
ld
 F
R
 n
o
t 
o
b
v
io
u
s
. 
U
ly
s
s
e
s
1
9
9
1
0
7
4
0
5
.1
1
0
5
.5
0
+
2
4
1
2
.5
5
+
7
2
5
1
7
.2
3
.8
2
.1
P
M
S
  
  
M
V
A
 g
o
o
d
. 
G
o
o
d
 e
ig
e
n
 r
a
ti
o
U
ly
s
s
e
s
1
9
9
1
1
4
7
0
3
.2
4
0
9
.2
4
+
4
8
1
6
.3
0
+
1
6
8
6
8
3
.7
6
.2
2
.2
P
M
S
  
  
M
V
A
 g
o
o
d
. 
E
ig
e
n
 r
a
ti
o
 o
k
/g
o
o
d
U
ly
s
s
e
s
1
9
9
1
2
6
1
0
5
.4
2
1
3
.1
2
1
0
.5
9
+
2
4
9
0
7
.0
1
.6
0
.5
P
M
S
  
  
M
V
A
 g
o
o
d
. 
E
ig
e
n
 r
a
ti
o
 g
o
o
d
. 
V
e
ry
 s
m
a
ll 
F
R
. 
p
o
s
s
ib
le
 
in
te
ra
c
ti
o
n
 w
it
h
 f
a
s
t 
w
in
d
 f
ro
m
 b
e
h
in
d
- 
ie
 r
e
c
o
n
n
e
c
ti
o
n
 n
 l
o
s
s
 o
f 
m
a
g
n
e
ti
c
 f
lu
x
 l
e
a
d
in
g
 t
o
 a
 r
e
d
u
c
ti
o
n
 i
n
 A
s
p
e
c
t 
ra
ti
o
U
ly
s
s
e
s
1
9
9
2
0
5
2
0
8
.0
1
9
.4
3
+
7
2
1
9
.1
8
+
1
2
0
1
1
6
1
.4
3
.9
5
.8
P
M
S
  
  
P
M
S
 o
k
. 
E
ig
e
n
 r
a
ti
o
 n
o
t 
g
re
a
t
U
ly
s
s
e
s
1
9
9
2
3
0
7
0
4
.3
8
0
1
.1
9
+
2
4
1
7
.2
6
1
1
1
3
.0
3
.8
5
.3
P
M
S
  
  
M
V
A
 g
o
o
d
. 
N
o
n
 i
d
e
a
l 
v
e
lo
c
it
y
 p
ro
fi
le
. 
S
tr
o
n
g
 v
e
lo
c
it
y
 j
u
m
p
 
ju
s
t 
a
h
e
a
d
 o
f 
in
te
ra
c
ti
o
n
 r
e
g
io
n
U
ly
s
s
e
s
1
9
9
7
0
0
8
2
3
.2
4
1
7
.2
2
+
2
4
0
4
.2
9
+
7
2
1
0
1
8
.4
2
.0
1
.4
P
M
S
  
  
P
M
S
 v
e
ry
 g
o
o
d
. 
S
o
la
r 
w
in
d
 p
ro
fi
le
 n
o
t 
id
e
a
l 
b
u
t 
g
o
o
d
U
ly
s
s
e
s
1
9
9
7
2
1
6
1
7
.1
3
1
5
.1
0
+
2
4
1
5
.3
7
+
4
8
1
1
1
9
.7
1
.2
1
.3
P
M
S
  
  
P
M
S
 v
e
ry
 g
o
o
d
. 
N
e
a
rl
y
 p
e
rf
e
c
t.
U
ly
s
s
e
s
1
9
9
7
2
4
1
0
7
.5
4
0
3
.0
7
+
2
4
0
9
.3
4
+
4
8
1
1
2
7
.7
5
.5
2
.8
P
M
S
  
  
P
M
S
 o
k
. 
N
o
t 
la
rg
e
 C
M
E
 o
r 
s
h
e
a
th
. 
B
u
t 
d
is
ti
n
c
t 
v
e
lo
c
it
y
 j
u
m
p
.
U
ly
s
s
e
s
1
9
9
7
2
7
5
0
5
.3
3
1
5
.1
9
+
2
4
0
7
.0
2
+
7
2
1
1
3
7
.4
2
.6
2
.6
P
M
S
  
  
P
M
S
 v
e
ry
 g
o
o
d
. 
G
o
o
d
 v
e
lo
c
it
y
 j
u
m
p
. 
B
u
t 
n
o
t 
p
e
rf
e
c
t 
v
e
lo
c
it
y
 
p
ro
fi
le
 i
n
s
id
e
 F
R
.
U
ly
s
s
e
s
1
9
9
7
2
9
8
1
9
.4
9
0
1
.0
3
+
7
2
0
7
.3
4
+
1
2
0
1
1
4
3
.1
1
.1
1
.3
P
M
S
  
  
P
M
S
 v
e
ry
 g
o
o
d
.
C
M
E
 
  189 
 
 
 Appendix 2 
 
T
a
b
le
 A
2
. 
c
o
n
ti
n
u
e
d
.
S
p
a
c
e
c
ra
ft
Y
E
A
R
D
O
Y
S
h
o
c
k
D
is
ta
n
c
e
,
M
A
C
H
 #
A
S
P
E
C
T
S
h
o
c
k
 
C
o
m
m
e
n
ts
S
ta
rt
 T
im
e
E
n
d
 T
im
e
R
s
R
A
T
IO
U
ly
s
s
e
s
1
9
9
9
0
1
2
2
0
.3
5
1
5
.3
3
+
4
8
1
0
.1
2
+
7
2
1
1
1
3
.7
1
.2
3
.6
P
M
S
  
  
P
M
S
 o
k
. 
B
u
t 
u
s
e
d
 o
n
ly
 c
a
u
s
e
 M
V
A
 w
a
s
 c
o
n
s
is
te
n
t.
U
ly
s
s
e
s
1
9
9
9
0
6
0
0
0
.0
3
+
2
4
2
1
.2
4
+
4
8
2
2
.1
2
+
9
6
1
0
9
4
.6
4
.9
4
.4
P
M
S
  
  
P
M
S
 o
k
 i
f 
u
s
e
 a
 s
e
le
c
t 
ra
n
g
e
. 
F
R
 s
ta
rt
 d
if
fi
c
u
lt
 t
o
 d
e
fi
n
e
. 
M
V
A
 
b
a
d
.
U
ly
s
s
e
s
1
9
9
9
3
4
4
0
0
.0
8
+
2
4
0
7
.0
7
+
7
2
0
4
.4
4
+
1
2
0
9
1
1
.3
3
.2
4
.8
P
M
S
  
  
P
M
S
 o
k
. 
F
R
 n
o
t 
id
e
a
l.
 E
ig
e
n
 r
a
ti
o
 n
o
t 
g
re
a
t.
 M
V
A
 b
a
d
. 
L
a
ti
tu
d
e
 >
 4
0
°
U
ly
s
s
e
s
2
0
0
0
0
9
0
0
0
.1
0
+
2
4
1
2
.2
1
0
8
.2
2
+
4
8
8
1
0
.9
2
.9
2
.0
P
M
S
  
  
P
M
S
 i
s
 v
e
ry
 g
o
o
d
. 
 C
M
E
 i
s
 c
le
a
r 
F
R
. 
Id
e
a
l 
c
a
s
e
 b
u
t 
s
m
a
ll/
 
m
e
d
iu
m
 s
iz
e
d
. 
L
a
ti
tu
d
e
 >
 4
0
°
U
ly
s
s
e
s
2
0
0
1
0
0
4
2
2
.4
5
2
0
.1
1
+
2
4
1
3
.1
1
+
4
8
4
2
8
.8
4
.3
5
.5
P
M
S
  
  
P
M
S
 o
k
. 
S
u
s
p
e
c
t 
th
e
re
 i
s
 a
 d
o
u
b
le
 F
R
 o
c
c
u
ri
n
g
 b
u
t 
o
n
ly
 f
ir
s
t 
h
a
lf
 u
s
e
d
 i
n
 a
n
a
ly
s
is
. 
L
a
ti
tu
d
e
 >
 4
0
°
U
ly
s
s
e
s
2
0
0
1
1
5
6
0
1
.3
0
1
9
.4
9
1
9
.0
6
+
2
4
2
8
9
.7
2
.4
1
.9
P
M
S
  
  
P
M
S
 l
o
o
k
s
 p
ro
m
is
in
g
- 
d
u
b
io
u
s
 w
h
e
n
 d
e
fi
n
in
g
 C
M
E
 t
ra
ili
n
g
 
e
d
g
e
. 
A
p
p
e
ra
n
c
e
 o
f 
c
u
rr
e
n
t 
s
h
e
e
t 
w
it
h
in
 C
M
E
 
U
ly
s
s
e
s
2
0
0
1
1
5
9
2
3
.2
8
0
5
.3
4
+
4
8
1
9
.5
4
+
7
2
2
9
1
.1
4
.7
3
.5
P
M
S
  
  
P
M
S
 o
k
. 
 L
a
rg
e
 d
if
fe
re
n
c
e
 b
e
tw
e
e
n
 q
B
n
 f
o
r 
M
V
A
 a
n
d
 P
M
S
- 
d
e
fi
n
it
io
n
 o
f 
s
h
o
c
k
 f
ro
n
t 
a
n
d
 F
R
 e
x
te
n
t 
is
 d
if
fi
u
lt
U
ly
s
s
e
s
2
0
0
1
2
3
6
0
7
.2
6
1
4
.4
1
0
0
.5
1
+
2
4
3
6
3
.4
3
.6
2
.6
P
M
S
  
  
P
M
S
 o
k
 b
u
t 
n
e
e
d
 t
o
 b
e
 v
e
ry
 c
a
re
fu
l 
w
it
h
 i
n
te
rv
a
l.
 L
a
rg
e
 
d
if
fe
re
n
c
e
 w
it
h
 M
V
A
 n
 P
M
S
. 
A
c
c
e
p
te
d
 i
n
 f
in
a
l 
s
e
le
c
ti
o
n
, 
b
u
t 
a
 
d
u
b
io
u
s
. 
 L
a
ti
tu
d
e
 >
 4
0
°
U
ly
s
s
e
s
2
0
0
2
0
3
0
2
1
.1
1
1
6
.0
6
+
2
4
2
3
.4
5
+
4
8
6
0
0
.0
2
.3
1
.7
P
M
S
  
  
P
M
S
 g
o
o
d
, 
b
u
t 
M
V
A
 w
it
h
 s
lig
h
tl
y
 d
if
fe
re
n
t 
re
s
u
lt
s
. 
 L
a
ti
tu
d
e
 >
 
4
0
°
U
ly
s
s
e
s
2
0
0
2
0
7
3
0
4
.0
8
2
2
.1
1
0
7
.4
3
+
2
4
6
5
7
.6
1
.5
3
.6
P
M
S
  
  
P
M
S
 o
k
. 
M
V
A
 b
a
d
. 
L
a
ti
tu
d
e
 >
 4
0
°
U
ly
s
s
e
s
2
0
0
2
2
0
5
2
1
.1
7
1
6
.1
5
+
2
4
1
3
.3
1
+
4
8
8
1
5
.3
7
.5
4
.3
P
M
S
  
  
T
im
e
 p
ro
fi
le
 i
s
 e
x
c
e
lle
n
t,
 b
u
t 
P
M
S
 i
s
 o
k
 o
n
ly
 i
f 
u
s
e
 v
 c
a
re
fu
l 
in
te
rv
a
l.
 M
V
A
 i
s
 v
 b
a
d
. 
T
ra
ili
n
g
 e
d
g
e
 v
e
ry
 d
if
fi
c
u
lt
 t
o
 d
e
fi
n
e
. 
P
o
s
s
ib
le
 d
o
u
b
le
 F
R
 s
o
 u
s
e
d
 o
n
ly
 s
e
le
c
ti
o
n
 w
it
h
 r
o
ta
ti
o
n
.
U
ly
s
s
e
s
2
0
0
2
2
9
8
1
4
.3
8
1
6
.0
7
+
2
4
0
8
.4
7
+
9
6
9
0
5
.9
2
.1
1
.1
P
M
S
  
  
C
M
E
 i
s
 g
re
a
t 
b
u
t 
P
M
S
 i
s
 o
n
ly
 o
k
/b
a
d
 w
it
h
 s
p
e
c
if
ic
 d
ir
n
. 
L
o
o
k
s
 
lik
e
 o
v
e
re
x
p
a
n
d
in
g
 C
M
E
. 
L
a
rg
e
r 
e
rr
o
r 
o
n
 A
s
p
e
c
t 
ra
ti
o
 d
u
e
 t
o
 
s
h
o
c
k
 n
o
rm
a
l 
u
n
c
e
rt
a
in
ty
.
U
ly
s
s
e
s
2
0
0
2
3
1
6
1
9
.5
4
0
5
.2
7
+
2
4
1
5
.3
9
9
2
0
.7
2
.7
3
.2
P
M
S
  
  
P
M
S
 g
o
o
d
 .
 M
V
A
 i
s
 c
o
n
s
is
te
n
t.
 B
u
t 
C
M
E
 i
s
 s
m
a
ll
U
ly
s
s
e
s
2
0
0
2
3
3
1
0
5
.4
6
1
8
.4
1
0
4
.3
3
+
2
4
9
3
3
.0
4
.6
5
.2
P
M
S
  
  
P
M
S
 g
o
o
d
 .
 M
V
A
 n
o
t 
c
o
n
s
is
te
n
t.
 C
M
E
 i
s
 s
m
a
ll
U
ly
s
s
e
s
2
0
0
3
0
4
3
0
5
.2
7
1
6
.3
3
0
0
.2
8
+
4
8
9
9
2
.3
3
.2
1
.4
M
V
A
  
  
M
V
A
 g
o
o
d
. 
C
le
a
r 
s
h
o
c
k
. 
P
M
S
 E
ig
e
n
 r
a
ti
o
 w
a
s
 b
a
d
. 
F
R
 s
ta
rt
 
a
n
d
 e
n
d
 t
im
e
 d
if
fi
c
u
lt
 t
o
 d
e
fi
n
e
. 
P
o
s
s
ib
le
 d
o
u
b
le
 F
R
 m
ix
e
d
 
to
g
e
th
e
r.
 C
re
a
te
s
 l
a
rg
e
 A
s
p
e
c
t 
ra
ti
o
 u
n
c
e
rt
a
in
ty
.
U
ly
s
s
e
s
2
0
0
4
2
3
4
1
2
.3
2
1
8
.1
0
+
4
8
0
3
.4
5
+
1
4
4
1
1
6
0
.3
7
.2
3
.2
P
M
S
  
  
M
V
A
 o
k
. 
C
lo
s
e
 t
o
 i
d
e
a
l 
c
a
s
e
. 
U
ly
s
s
e
s
2
0
0
4
2
8
0
0
7
.4
5
0
3
.0
6
+
4
8
0
8
.2
7
+
9
6
1
1
5
5
.8
5
.5
3
.8
P
M
S
  
  
M
V
A
 o
k
/g
o
o
d
. 
C
o
m
p
lic
a
ti
o
n
 w
it
h
 c
o
m
p
re
s
s
io
n
 f
ro
m
 f
a
s
t 
S
W
C
M
E
  190 
 
 
 Publication list 
 
 
Publication list 
 
[6] Savani, N.P. , M. J. Owens, A. P. Rouillard, R. J. Forsyth and J. A. Davies: 
Observational evidence of a CME distortion directly attributable to a structured solar 
wind, Ap J Lett 714, L128-L132, 2010.  
 
[5] Savani, N. P., A. P. Rouillard, J. A. Davies, M. J. Owens, R. J. Forsyth, C. J. 
Davis, and R. A. Harrison: The radial width of a Coronal Mass Ejection between 0.1 
and 0.4 AU estimated from the Heliospheric Imager on STEREO, Ann. Geophys., 
27(11), 4349-4358, 2009. 
 
[4] Rouillard, A. P., J. A. Davies, B. Lavraud, R. J. Forsyth, N. P. Savani, et al.: 
Intermittent release of transients in the slow solar wind: I, Remote sensing observations, 
J. Geophys. Res., 115, A04103, 2010. 
 
[3] Rouillard, A. P., B. Lavraud, J. A. Davies, N. P. Savani, et al.: Intermittent 
release of transients in the slow solar wind: II, In-situ evidence, J. Geophys. Res., 115, 
A04104, 2010. 
 
[2] Rouillard, A.P., N.P. Savani, et al.: A Multispacecraft Analysis of a Small-Scale 
Transient Entrained by Solar Wind Streams, Sol. Phys., 256(1-2), 307-326, 2009 
 
[1] Rouillard, A. P., J. A. Davies, R. J. Forsyth, N. P. Savani, et al.:  A solar storm 
observed from the Sun to Venus using the STEREO, Venus Express, and MESSENGER 
spacecraft, J. Geophys. Res., 114, 2009. 
 
  191 
 
 
 Bibliography 
 
 
Bibliography 
 
 
 
Acuna, M. H. et al., (2008), The STEREO/IMPACT magnetic field experiment, Space 
Sci. Rev., 136(1-4), 203. 
Alexander, D., I. G. Richardson and T. H. Zurbuchen, (2006), A brief history of CME 
science, Space Sci. Rev.,  123(1-3), 3. 
Alexander, D., (2006), An introduction to the pre-CME corona, Space Sci. Rev., 123(1-
3), 81. 
Antiochos, S. K., C. R. Devore and J. A. Klimchuk, (1999), A model for solar coronal 
mass ejections, Astrophys. J., 510(1), 485. 
Arge, C. N. and V. J. Pizzo, (2000), Improvement in the prediction of solar wind 
conditions using near-real time solar magnetic field updates, J. Geophys. Res., 
105(A5), 10465. 
Baker, D. N., R. Balstad, J. M. Bodeau, E. Cameron, J. F. Fennell, G. M. Fisher, K. F. 
Forbes, P. M. Kintner, L. G. Leffler, W. S. Lewis, J. B. Reagan, A. A. Small III, 
T. A. Stansell and L. Strachan Jr., Severe space weather events -- understanding 
societal and economic impacts: a workshop report, THE NATIONAL 
ACADEMIES PRESS, 2008. 
Balogh, A. et al., (1992), The Magnetic-Field Investigation on the Ulysses Mission - 
Instrumentation and Preliminary Scientific Results, Astronomy & Astrophysics 
Supplement Series, 92(2), 221. 
Balogh, A. and M. J. Thompson, (2009), Introduction to Solar Magnetism: The Early 
Years, Space Sci. Rev., 144(1-4), 1. 
Bame, S. J. et al., (1979), Solar-Wind Heavy-Ions from Flare-Heated Coronal Plasma, 
Sol. Phys., 62 (1), 179. 
Bame, S. J. et al., (1992), The Ulysses Solar-Wind Plasma-Experiment, Astronomy & 
Astrophysics Supplement Series, 92(2), 237. 
Baumjohann, W. and R. A. Treumann, Basic space plasma physics, Imperial college 
press, 1996. 
  192 
 
 
 Bibliography 
Bisi, M. M. et al., (2009), Low-resolution STELab IPS 3D reconstructions of the whole 
heliosphere interval and comparison with in-ecliptic solar wind measurements 
from STEREO and Wind instrumentation, Sol. Phys., 256(1-2), 201. 
Bothmer, V. and R. Schwenn, (1994), Eruptive Prominences As Sources of Magnetic 
Clouds in the Solar-Wind, Space Sci. Rev., 70(1-2), 215. 
Bothmer, V. and R. Schwenn, (1995), Signatures of Fast Cmes in Interplanetary Space, 
Advances in Space Research,(4/5), 319. 
Bothmer, V. and R. Schwenn, (1998), The structure and origin of magnetic clouds in the 
solar wind, Annales Geophysicae-Atmospheres Hydrospheres and Space 
Sciences, 16(1), 1. 
Brueckner, G. E. et al., (1995), The large angle spectroscopic coronagraph (LASCO), 
Sol. Phys., 162(1-2), 357. 
Burgess, D., (1995), Collisionless shocks, in Introduction to space physics, edited by 
M. G. Kivelson and C. T. Russell, pp. 129-163, Cambridge university press, 
Burlaga, L. F. and K. W. Ogilvie, (1973), Solar-Wind Temperature and Speed, Journal 
of Geophysical Research, 78(13), 2028. 
Burlaga, L. F. and J. H. King, (1979), Intense Inter-Planetary Magnetic-Fields Observed 
by Geocentric Spacecraft During 1963-1975, J. Geophys. Res., 84(NA11), 6633. 
Burlaga, L. F. et al., (1981), Magnetic loop behind an inter-planetary shock - Voyager, 
Helios, and Imp-8 observations, J. Geophys. Res., 86(NA8), 6673. 
Burlaga, L. F., K. W. Behannon and L. W. Klein, (1987), Compound Streams, Magnetic 
Clouds, and Major Geomagnetic Storms, J. Geophys. Res., 92(A6), 5725. 
Burlaga, L. F., (1988), Magnetic clouds and force-free fields with constant-alpha, J. 
Geophys. Res., 93(A7), 7217. 
Cane, H. V. and I. G. Richardson, (1995), Cosmic-Ray Decreases and Solar-Wind 
Disturbances During Late October-1989, J. Geophys. Res., 100(A2), 1755. 
Cane, H. V. and I. G. Richardson, (2003), Interplanetary coronal mass ejections in the 
near-Earth solar wind during 1996-2002, J. Geophys. Res., 108(A4). 
Cane, H. V. and D. Lario, (2006), An introduction to CMEs and energetic particles, 
Space Sci. Rev., 123(1-3), 45. 
Cargill, P. J. et al., (1996), Magnetohydrodynamic simulations of the motion of 
magnetic flux tubes through a magnetized plasma, J. Geophys. Res., 101(A3), 
4855. 
Carrington, R. C., (1859), Description of a Singular Appearance seen in the Sun on 
September 1, 1859, Monthly Notices of the Royal Astronomical Society, 20, 13. 
  193 
 
 
 Bibliography 
Chen, J., (1989), Effects of Toroidal Forces in Current Loops Embedded in A 
Background Plasma, Astrophys. J.,  338(1), 453. 
Chen, J., (1996), Theory of prominence eruption and propagation: Interplanetary 
consequences, J. Geophys. Res., 101(A12), 27499. 
Chen, J. et al., (1997), Evidence of an erupting magnetic flux rope: LASCO coronal 
mass ejection of 1997 April 13, Astrophys. J., 490(2), L191-&. 
Chen, J. et al., (2000), Magnetic geometry and dynamics of the fast coronal mass 
ejection of 1997 September 9, Astrophys. J., 533(1), 481. 
Cravens, T. E., Physics of the solar system plasmas, Cambridge university press, 1997. 
Cremades, H. and V. Bothmer, (2004), On the three-dimensional configuration of 
coronal mass ejections, Astron. Astrophys., 422(1), 307. 
Cremades, H. and V. Bothmer, (2005), Geometrical properties of coronal mass 
ejections, Astron. Astrophys., 48. 
Cremades, H. and O. C. St Cyr, (2007), Coronal mass ejections: Solar cycle aspects, 
Advances in Space Research, 40(7), 1042. 
Crooker, N. U. et al., (2004), Counterstreaming electrons in magnetic clouds near 5 AU, 
J. Geophys. Res., 109(A6). 
Crooker, N. U. and T. S. Horbury, (2006), Solar imprint on ICMEs, their magnetic 
connectivity, and heliospheric evolution, Space Sci. Rev., 123(1-3), 93. 
Davies, J. A. et al., (2009), A synoptic view of solar transient evolution in the inner 
heliosphere using the Heliospheric Imagers on STEREO, Geophys. Res. Lett., 
36. 
Davis, C. J. et al., (2009), Stereoscopic imaging of an Earth-impacting solar coronal 
mass ejection: A major milestone for the STEREO mission, Geophys. Res. Lett., 
36. 
Davis, C. J., J. Kennedy and J. A. Davies, (2010), Assessing the Accuracy of CME 
Speed and Trajectory Estimates from STEREO Observations Through a 
Comparison of Independent Methods, Sol. Phys., 263(1-2), 209. 
Dere, K. P. et al., (1999), LASCO and EIT observations of helical structure in coronal 
mass ejections 45, Astrophys. J., 516(1), 465. 
Domingo, V., B. Fleck and A. I. Poland, (1995), The SOHO mission: An overview, Sol. 
Phys., 162(1-2), 1. 
Eyles, C. J. et al., (2003), The solar mass ejection imager (SMEI), Sol. Phys., 217(2), 
319. 
  194 
 
 
 Bibliography 
Eyles, C. J. et al., (2009), The heliospheric imagers onboard the STEREO mission, Sol. 
Phys., 254(2), 387. 
Farris, M. H. and C. T. Russell, (1994), Determining the Standoff Distance of the Bow 
Shock - Mach Number Dependence and Use of Models, J. Geophys. Res., 
99(A9), 17681. 
Fenimore, E. E., (1980), Solar-Wind Flows Associated with Hot Heavy-Ions, Astrophys. 
J., 235(1), 245. 
Fisher, R. R. and R. H. Munro, (1984), Coronal Transient Geometry .1. the Flare-
Associated Event of 1981 March 25, Astrophys. J., 280(1), 428. 
Fisk, L. A., (1996), Motion of the footpoints of heliospheric magnetic field lines at the 
Sun: Implications for recurrent energetic particle events at high heliographic 
latitudes, J. Geophys. Res., 101(A7), 15547. 
Forbes, T. G., (2000), A review on the genesis of coronal mass ejections, J. Geophys. 
Res., 105(A10), 23153. 
Forbes, T. G. et al., (2006), CME theory and models, Space Sci. Rev., 123(1-3), 251. 
Forsyth, R. J. et al., (2006), ICMEs in the inner heliosphere: Origin, evolution and 
propagation effects, Space Sci. Rev., 123(1-3), 383. 
Geiss, J., P. Hirt and H. Leutwyle, (1970), On Acceleration and Motion of Ions in 
Corona and Solar Wind, Sol. Phys., 12(3), 458-&. 
Gopalswamy, N. et al., (2000), Interplanetary acceleration of coronal mass ejections, 
Geophys. Res. Lett., 27(2), 145. 
Gopalswamy, N. et al., (2006), The Pre-CME sun, Space Sci. Rev., 123(1-3), 303. 
Gorney, D. J., (1990), Solar-Cycle Effects on the Near-Earth Space Environment, 
Reviews of Geophysics, 28(3), 315. 
Gosling, J. T. et al., (1974), Mass Ejections from Sun - View from Skylab, Journal of 
Geophysical Research, 79(31), 4581. 
Gosling, J. T. et al., (1976), Speeds of Coronal Mass Ejection Events, Sol. Phys., 48(2), 
389. 
Gosling, J. T., A. J. Hundhausen and S. J. Bame, (1976), Solar-Wind Stream Evolution 
at Large Heliocentric Distances - Experimental Demonstration and Test of A 
Model, J. Geophys. Res., 81(13), 2111. 
Gosling, J. T. et al., (1987), The Eastward Deflection of Fast Coronal Mass Ejecta in 
Interplanetary Space, J. Geophys. Res., 92(A11), 12399. 
  195 
 
 
 Bibliography 
Gosling, J. T. and D. J. McComas, (1987), Field Line Draping About Fast Coronal Mass 
Ejecta - A Source of Strong Out-Of-The-Ecliptic Interplanetary Magnetic-
Fields, Geophys. Res. Lett., 14(4), 355. 
Gosling, J. T., (1990), Coronal mass ejections and magnetic flux ropes in interplanetary 
space, in Physics of magnetic flux ropes, edited by C. T. Russell, E. R. Priest 
and L. C. Lee, p. 343, 
Gosling, J. T., J. Birn and M. Hesse, (1995), Three-dimensional magnetic reconnection 
and the magnetic topology of coronal mass ejection events, Geophys. Res. Lett., 
22, 869. 
Gosling, J. T. et al., (1998), Overexpanding coronal mass ejections at high heliographic 
latitudes: Observations and simulations 66, J. Geophys. Res., 103(A2), 1941. 
Hale, G. E., (1908), On the probable existence of a magnetic field in sunspots, 
Astrophys. J., 28, 315. 
Hapgood, M. A., (1992), Space Physics Coordinate Transformations - A User Guide 63, 
Planetary and Space Science, 40(5), 711. 
Harrison, R. A., (2008), The magnetic Sun, Philosophical Transactions of the Royal 
Society, 366, 1735. 
Harrison, R. A. et al., (2008), First imaging of coronal mass ejections in the heliosphere 
viewed from outside the Sun-Earth line, Sol. Phys., 247(1), 171. 
Hidalgo, M. A. et al., (2000), A new model for the topology of magnetic clouds in the 
solar wind, Sol. Phys.,  194(1), 165. 
Hidalgo, M. A. et al., (2002), A non-force-free approach to the topology of magnetic 
clouds in the solar wind, J. Geophys. Res., 107(A1). 
Hidalgo, M. A., (2003), A study of the expansion and distortion of the cross section of 
magnetic clouds in the interplanetary medium 52, J. Geophys. Res., 108(A8). 
Hidalgo, M. A., (2005), A study of the expansion and distortion of the cross section of 
magnetic clouds in the interplanetary medium (vol 108, pg 1320, 2003) 53, J. 
Geophys. Res., 110(A3). 
Hirshberg, J. et al., (1970), Observation of A Solar Flare Induced Interplanetary Shock 
and Helium-Enriched Driver Gas, Journal of Geophysical Research, 75(1), 1-&. 
Hirshberg, J., S. J. Bame and D. E. Robbins, (1972), Solar-Flares and Solar-Wind 
Helium Enrichments - July 1965 July 1967, Sol. Phys., 23(2), 467-&. 
Howard, R. A. et al., (2008), Sun Earth Connection Coronal and Heliospheric 
Investigation (SECCHI), Space Sci. Rev., 136(1-4), 67. 
  196 
 
 
 Bibliography 
Hu, Q. and B. U. O. Sonnerup, (2002), Reconstruction of magnetic clouds in the solar 
wind: Orientations and configurations, J. Geophys. Res., 107(A7). 
Hudson, H. S., J. L. Bougeret and J. Burkepile, (2006), Coronal mass ejections: 
Overview of observations, Space Sci. Rev., 123(1-3), 13. 
Hundhausen, A. J., Coronal expansion and the solar wind, Springer-Verlag, 1972. 
Hundhausen, A. J., (1993), Sizes and locations of coronal mass ejections - SMM 
observations from 1980 and 1984-1989, J. Geophys. Res., 98(A8), 13177. 
Hundhausen, A. J., (1995), The solar wind, in Introduction to space physics, edited by 
M. G. Kivelson and C. T. Russell, pp. 91-128, Cambridge university press, 
Illing, R. M. E. and A. J. Hundhausen, (1986), Disruption of a coronal streamer by an 
eruptive prominence and coronal mass ejection, J. Geophys. Res., 91(A10), 
10951. 
Intriligator, D. S., J. H. Wolfe and J. D. Mihalov, (1980), The Pioneer Venus Orbiter 
Plasma Analyzer Experiment, Ieee Transactions on Geoscience and Remote 
Sensing, 18(1), 39. 
Jackson, B. V. et al., (2004), The solar mass-ejection imager (SMEI) mission, Sol. 
Phys., 225(1), 177. 
Jackson, B. V. et al., (2006), Preliminary three-dimensional analysis of the heliospheric 
response to the 28 October 2003 CME using SMEI white-light observations, J. 
Geophys. Res., 111(A4). 
Jackson, B. V. et al., (2007), Analysis of Solar Wind Events Using Interplanetary 
Scintillation Remote Sensing 3D Reconstructions and Their Comparison at Mars 
34, Sol. Phys., 241(2), 385. 
Jian, L. K. et al., (2008), Stream interactions and interplanetary coronal mass ejections 
at 0.72 AU, Sol. Phys., 249(1), 85. 
Jones, G. H. et al., (2002), The draping of heliospheric magnetic fields upstream of 
coronal mass ejecta, Geophys. Res. Lett., 29(11). 
Kaiser, M. L. et al., (2008), The STEREO Mission: An introduction, Space Sci. Rev., 
136(1-4), 5. 
Kataoka, R. et al., (2005), Downstream structures of interplanetary fast shocks 
associated with coronal mass ejections, Geophys. Res. Lett., 32(12). 
Kivelson, M. G., (1995), Physics of space plasmas, in Introduction to space physics, 
edited by M. G. Kivelson and C. T. Russell, pp. 27-57, Cambridge university 
press, 
  197 
 
 
 Bibliography 
Klein, L. W. and L. F. Burlaga, (1982), Inter-Planetary Magnetic Clouds at 1-Au, J. 
Geophys. Res., 87(NA2), 613. 
Kojima, M. and T. Kakinuma, (1987), Solar-Cycle Evolution of Solar-Wind Speed 
Structure Between 1973 and 1985 Observed with the Interplanetary Scintillation 
Method 43, J. Geophys. Res., 92(A7), 7269. 
Krall, J. et al., (2001), Erupting solar magnetic flux ropes: Theory and observation, 
Astrophys. J., 562(2), 1045. 
Krall, J. and O. C. St Cyr, (2006), Flux-rope coronal mass ejection geometry and its 
relation to observed morphology, Astrophys. J., 652(2), 1740. 
Laming, J. M. and U. Feldman, (2001), The solar helium abundance in the outer corona 
determined from observations with SUMER/SOHO, Astrophys. J., 546(1), 552. 
Lepping, R. P., J. A. Jones and L. F. Burlaga, (1990), Magnetic-Field Structure of 
Interplanetary Magnetic Clouds at 1 Au, J. Geophys. Res., 95(A8), 11957. 
Lepping, R. P., D. B. Berdichevsky and T. J. Ferguson, (2003), Estimated errors in 
magnetic cloud model fit parameters with force-free cylindrically symmetric 
assumptions, J. Geophys. Res.,  108(A10). 
Lepping, R. P. et al., (2006), A summary of WIND magnetic clouds for years 1995-
2003: model-fitted parameters, associated errors and classifications, Ann. 
Geophys., 24(1), 215. 
Lepping, R. P. et al., (2008), Estimates of magnetic cloud expansion at 1 AU, Ann. 
Geophys., 26(7), 1919. 
Lin, J. et al., (1998), The effect of curvature on flux-rope models of coronal mass 
ejections, Astrophys. J.,  504(2), 1006. 
Lindsay, G. M. et al., (1994), On the Sources of Interplanetary Shocks at 0.72 Au, J. 
Geophys. Res., 99(A1), 11. 
Linker, J. A. et al., (1999), Magnetohydrodynamic modeling of the solar corona during 
whole sun month, J. Geophys. Res., 104(A5), 9809. 
Linker, J. A. et al., (2003), Flux cancellation and coronal mass ejections, Phys. Plasmas, 
10(5), 1971. 
Liu, Y., J. D. Richardson and J. W. Belcher, (2004), A statistical study of the properties 
of interplanetary coronal mass ejection from 0.3 to 5.4 AU, Planet Space Sci., 
53, 3. 
Liu, Y. et al., (2006), Constraints on the global structure of magnetic clouds: Transverse 
size and curvature, J. Geophys. Res., 111(A12). 
  198 
 
 
 Bibliography 
Lopez, R. E., (1987), Solar-Cycle Invariance in Solar-Wind Proton Temperature 
Relationships, J. Geophys. Res., 92(A10), 11189. 
Low, B. C., (1982), Self-Similar Magnetohydrodynamics .1. the Gamma-=4/3 Polytrope 
and the Coronal Transient, Astrophys. J.,  254(2), 796. 
Low, B. C., (1984), Self-Similar Magnetohydrodynamics .4. the Physics of Coronal 
Transients, Astrophys. J., 281(1), 392. 
Low, B. C., (1996), Solar activity and the corona (invited review), Sol. Phys., 167(1-2), 
217. 
Low, B. C., (2001), Coronal mass ejections, magnetic flux ropes, and solar magnetism, 
J. Geophys. Res., 106(A11), 25141. 
Luhmann, J. G., (1995), Plasma interactions with unmagnetized bodies, in Introduction 
to space physics, edited by M. G. Kivelson and C. T. Russell, pp. 203-226, 
Cambridge university press, 
Luhmann, J. G. et al., (2008), STEREO IMPACT investigation goals, measurements, 
and data products overview, Space Sci. Rev.,  136(1-4), 117. 
Mackay, D. H. et al., (1998), Role of helicity in the formation of intermediate filaments, 
Sol. Phys., 180(1-2), 299. 
Mackay, D. H. and A. A. Van Ballegooijen, (2001), A possible solar cycle dependence 
to the hemispheric pattern of filament magnetic fields?, Astrophys. J., 560(1), 
445. 
MacNeice, P. et al., (2004), A numerical study of the breakout model for coronal mass 
ejection initiation, Astrophys. J., 614(2), 1028. 
Macqueen, R. M. et al., (1974), Outer Solar Corona As Observed from Skylab - 
Preliminary Results, Astrophys. J., 187(2), L85-&. 
Manchester, W. I. et al., (2004), Modeling a space weather event from the Sun to the 
Earth: CME generation and interplanetary propagation, J. Geophys. Res., 
109(A2). 
Marsden, R. G. et al., (1987), Isee-3 Observations of Low-Energy Proton Bidirectional 
Events and Their Relation to Isolated Interplanetary Magnetic-Structures, J. 
Geophys. Res., 92(A10), 11009. 
Marubashi, K., (1997), Interplanetary magnetic flux ropes and solar filaments, in 
coronal mass ejections, edited by N. U. Crooker, J. A. Joselyn and J. Feynman, 
pp. 147-156, AGU, 
Marubashi, K., Physics of interplanetary magnetic flux ropes: Toward prediction of 
geomagnetic storms, PERGAMON PRESS LTD, OXFORD, 2000. 
  199 
 
 
 Bibliography 
Masters, A. et al., (2008), An empirical model of Saturn's bow shock: Cassini 
observations of shock location and shape, J. Geophys. Res., 113(A10). 
Maunder, E. W., (1904), Note on the distribution of sunspots in heliographic latitude, 
1874 to 1902, Mon. Nat. R. Astron. Soc., 64, 747. 
McComas, D. J. et al., (1989), A Test of Magnetic-Field Draping Induced Bz 
Perturbations Ahead of Fast Coronal Mass Ejecta, J. Geophys. Res., 94(A2), 
1465. 
McComas, D. J. et al., (1998), Solar Wind Electron Proton Alpha Monitor (SWEPAM) 
for the Advanced Composition Explorer, Space Sci. Rev., 86(1), 563. 
McComas, D. J. et al., (1998), Ulysses' return to the slow solar wind, Geophys. Res. 
Lett., 25(1), 1. 
Michalek, G., N. Gopalswamy and S. Yashiro, (2009), Expansion Speed of Coronal 
Mass Ejections, Sol. Phys., 260(2), 401. 
Michalek, G., (2010), Is the Asymmetric Cone Model for Halo Coronal Mass Ejections 
Correct?, Sol. Phys., 261(1), 107. 
Mikic, Z. et al., (1999), Magnetohydrodynamic modeling of the global solar corona, 
Phys. Plasmas, 6(5), 2217. 
Mikic, Z. and M. A. Lee, (2006), An introduction to theory and models of CMEs, 
shocks, and solar energetic particles, Space Sci. Rev., 123(1-3), 57. 
Montgomery, M. D., S. J. Bame and A. J. Hundhausen, (1968), Solar wind electrons: 
Vela 4 Measurements, J. Geophys. Res., 73, 4999. 
Mulligan, T. and C. T. Russell, (2001), Multispacecraft modeling of the flux rope 
structure of interplanetary coronal mass ejections: Cylindrically symmetric 
versus nonsymmetric topologies, J. Geophys. Res., 106(A6), 10581. 
Musmann, G. et al., (1985), Das Forstersonden-Magetfeldexperiment (E2), 
Raumfahrtforschung, 19/5, 232. 
Nakagawa, T., A. Nishida and T. Saito, (1989), Planar Magnetic-Structures in the Solar-
Wind, J. Geophys. Res., 94(A9), 11761. 
Nelder, J. A. and R. Mead, (1965), A simplex method for function minimization 
26, Comput. J., 7, 308. 
Neugebauer, M. and R. Goldstein, (1997), Particle and field signatures of coronal mass 
ejections in the solar wind, in Coronal mass ejections, edited by N. U. Crooker, 
J. A. Joselyn and J. Feynman, p. 245, AGU, 
Odenwald, S., J. Green and W. Taylor, (2006), Forecasting the impact of an 1859-
calibre superstorm on satellite resources, Adv. Space Res.,(2), 280. 
  200 
 
 
 Bibliography 
Odenwald, S. F. and Green, J. L., (2008), Bracing the satellite infrastructure for a solar 
superstorm, Scientific American. 
http://www.scientificamerican.com/article.cfm?id=bracing-for-a-solar-
superstorm 
Odstrcil, D. and V. J. Pizzo, (1999a), Distortion of the interplanetary magnetic field by 
three-dimensional propagation of coronal mass ejections in a structured solar 
wind, J. Geophys. Res., 104(A12), 28225. 
Odstrcil, D. and V. J. Pizzo, (1999b), Three-dimensional propagation of coronal mass 
ejections (CMEs) in a structured solar wind flow 1. CME launched within the 
streamer, J. Geophys. Res., 104(A1), 483. 
Odstrcil, D. and V. J. Pizzo, (1999c), Three-dimensional propagation of coronal mass 
ejections (CMEs) in a structured solar wind flow 2. CME launched adjacent to 
the streamer belt, J. Geophys. Res., 104(A1), 493. 
Odstrcil, D., (2003), Modeling 3-D solar wind structure, Advances in Space Research, 
32(4), 497. 
Odstrcil, D., P. Riley and X. P. Zhao, (2004), Numerical simulation of the 12 May 1997 
interplanetary CME event, J. Geophys. Res., 109(A2). 
Odstrcil, D. et al., (2004), Initial coupling of coronal and heliospheric numerical 
magnetohydrodynamic codes, J. Atmos. Sol-Terr. Phy., 66(15-16), 1311. 
Odstrcil, D., V. J. Pizzo and C. N. Arge, (2005), Propagation of the 12 May 1997 
interplanetary coronal mass ejection in evolving solar wind structures, J. 
Geophys. Res., 110(A2). 
Owens, M. J.,  The role of coronal mass ejections in space weather, Doctoral Thesis  
Imperial College London, 2003. 
Owens, M. J. and P. Cargill, (2004), Predictions of the arrival time of Coronal Mass 
Ejections at 1 AU: an analysis of the causes of errors, Ann. Geophys., 22(2), 
661. 
Owens, M. J. et al., (2005), Characteristic magnetic field and speed properties of 
interplanetary coronal mass ejections and their sheath regions, J. Geophys. Res., 
110(A1). 
Owens, M. J. et al., (2005), Characteristic magnetic field and speed properties of 
interplanetary coronal mass ejections and their sheath regions, J. Geophys. Res., 
110(A1). 
Owens, M. J., (2006), Magnetic cloud distortion resulting from propagation through a 
structured solar wind: Models and observations, J. Geophys. Res., 111(A12). 
  201 
 
 
 Bibliography 
Owens, M. J., V. G. Merkin and P. Riley, (2006), A kinematically distorted flux rope 
model for magnetic clouds, J. Geophys. Res., 111(A3). 
Owens, M. J. et al., (2008), Metrics for solar wind prediction models: Comparison of 
empirical, hybrid, and physics-based schemes with 8 years of L1 observations, 
Space Weather-the International Journal of Research and Applications, 6(8). 
Owens, M. J., (2008), Combining remote and in situ observations of coronal mass 
ejections to better constrain magnetic cloud reconstruction, J. Geophys. Res., 
113(A12). 
Owens, M. J., (2009), The Formation of Large-Scale Current Sheets within Magnetic 
Clouds, Sol. Phys., 260(1), 207. 
Parker, E. N., (1958), Dynamics of the interplanetary gas and magnetic fields, 
Astrophys. J., 128, 664. 
Pizzo, V. J., (1978), A three-dimensional model of corotating stream in the solar wind - 
1. theoretical foundations, J. Geophys. Res., 83(A12), 5563. 
Pneuman, G. W., (1983), The Formation of Solar Prominences by Magnetic 
Reconnection and Condensation, Sol. Phys., 88(1-2), 219. 
Priest, E. R., (1995), The Sun and its magntohydrodynamics, in Introduction to space 
physics, edited by M. G. Kivelson and C. T. Russell, pp. 58-90, Cambridge 
university press, 
Primdahl, F., (1979), Fluxgate Magnetometer, Journal of Physics E-Scientific 
Instruments, 12(4), 241. 
Rees, A.,  Ulysses observations of magnetic clouds in the 3-D heliosphere, Doctoral 
Thesis  Imperial College London, 2003. 
Reiner, M. J., M. L. Kaiser and J. L. Bougeret, On the deceleration of CMEs in the 
corona and interplanetary medium deduced from radio and white-light 
observations, AMER INST PHYSICS, MELVILLE, 2003. 
Richardson, I. G. and H. V. Cane, (1995), Regions of Abnormally Low Proton 
Temperature in the Solar-Wind (1965-1991) and Their Association with Ejecta, 
J. Geophys. Res., 100(A12), 23397. 
Richardson, I. G., C. J. Farrugia and H. V. Cane, (1997), A statistical study of the 
behavior of the electron temperature in ejecta, J. Geophys. Res., 102(A3), 4691. 
Riley, P. and N. U. Crooker, (2004), Kinematic treatment of coronal mass ejection 
evolution in the solar wind, Astrophys. J., 600(2), 1035. 
Riley, P. et al., (2004), Fitting flux ropes to a global MHD solution: a comparison of 
techniques, J. Atmos. Sol-Terr. Phy.,  66(15-16), 1321. 
  202 
 
 
 Bibliography 
Rosenbauer, H. et al., (1977), Survey on Initial Results of Helios Plasma Experiment, 
Journal of Geophysics-Zeitschrift fur Geophysik, 42(6), 561. 
Rosenbauer, H., R. Schwenn, H. Miggenrieder, B. Meyer, H. Grunwaldt, K. H. 
Muhlhauser, H. Pelkofer and J. H. Wolfe, (1981), Die Instrumente des 
Plasmaexperimentes auf den HELIOS-Sonnensonden, in Luft-und Raumfahrt, 
Weltaumforschung/ Weltraumtechnologie, BMFT-FB, pp. W81-015, 
Rouillard, A. P. et al., (2008), First imaging of corotating interaction regions using the 
STEREO spacecraft, Geophys. Res. Lett., 35(10). 
Rouillard, A. P. et al., (2009), A Multispacecraft analysis of a small-scale transient 
entrained by solar wind streams, Sol. Phys., 256(1-2), 307. 
Rouillard, A. P. et al., (2009), A solar storm observed from the Sun to Venus using the 
STEREO, Venus Express, and MESSENGER spacecraft 68, J. Geophys. Res., 
114. 
Russell, C. T. et al., (1980), Pioneer Venus Orbiter Fluxgate Magnetometer, Ieee 
Transactions on Geoscience and Remote Sensing, 18(1), 32. 
Russell, C. T. and T. Mulligan, (2002), The true dimensions of interplanetary coronal 
mass ejections, Advances in Space Research,(3), 301. 
Russell, C. T. and T. Mulligan, (2002), On the magnetosheath thicknesses of 
interplanetary coronal mass ejections, Planetary and Space Science, 50(5-6), 
527. 
Savani, N. P. et al., (2009), The radial width of a Coronal Mass Ejection between 0.1 
and 0.4 AU estimated from the Heliospheric Imager on STEREO, Ann. 
Geophys., 27(11), 4349. 
Savani, N. P. et al., (2010), Observational Evidence of A Coronal Mass Ejection 
Distortion Directly Attributable to A Structured Solar Wind, Astrophys. Lett., 
714(1), L128-L132. 
Schmidt, J. M. and P. J. Cargill, (2001), Magnetic cloud evolution in a two-speed solar 
wind, J. Geophys. Res., 106(A5), 8283. 
Schrijver, C. J. et al., (1998), Large-scale coronal heating by the small-scale magnetic 
field of the Sun, Nature, 394(6689), 152. 
Schrijver, C. J. and C. Zwaan, Solar and Stellar Magnetic Activity, Cambridge 
Astrophysics, 2000. 
Schwartz, S. J., (1998), Shock and discontinuity normals, mach numbers, and related 
parameters, in Analysis methods for multi-spacecraft data, edited by G. 
Paschmann and P. W. Daly, pp. 249-270, 
  203 
 
 
 Bibliography 
Schwartz, S. J., (2006), Shocks: Commonalities in solar-terrestrial chains, Space Sci. 
Rev., 124(1-4), 333. 
Schwenn, R., H. Rosenbauer and H. Miggenrieder, (1985), Das Plasmaexperiment auf 
HELIOS (E1), Raumfahrtforschung, 19/5, 226. 
Schwenn, R. et al., (2005), The association of coronal mass ejections with their effects 
near the Earth, Ann. Geophys., 23(3), 1033. 
Schwenn, R. et al., (2006), Coronal observations of CMEs, Space Sci. Rev., 123(1-3), 
127. 
Sheeley, N. R. et al., (1985), Coronal Mass Ejections and Interplanetary Shocks, J. 
Geophys. Res., 90(NA1), 163. 
Sheeley, N. R. et al., (1997), Measurements of flow speeds in the corona between 2 and 
30 solar radii, Astrophys. J., 484(1), 472-&. 
Sheeley, N. R. et al., (1999), Continuous tracking of coronal outflows: Two kinds of 
coronal mass ejections, J. Geophys. Res., 104(A11), 24739. 
Sheeley, N. R., H. P. Warren and Y. M. Wang, (2004), The origin of postflare loops, 
Astrophys. J., 616(2), 1224. 
Sheeley, N. R. and Y. M. Wang, (2007), In/out pairs and the detachment of coronal 
streamers, Astrophys. J., 655(2), 1142. 
Sheeley, N. R., H. P. Warren and Y. M. Wang, (2007), A streamer ejection with 
reconnection close to the sun, Astrophys. J., 671(1), 926. 
Sheeley, N. R. et al., (2008), Secchi observations of the Sun's garden-hose density 
spiral, Astrophys. Lett.,  674(2), L109-L112. 
Sheeley, N. R. et al., (2008), Heliospheric images of the solar wind at Earth, Astrophys. 
J., 675(1), 853. 
Siscoe, G. and D. Odstrcil, (2008), Ways in which ICME sheaths differ from 
magnetosheaths, J. Geophys. Res., 113. 
Smith, C. W. et al., (1998), The ACE Magnetic Fields Experiment, Space Sci. Rev., 
86(1), 613. 
Solanki, S. K. et al., (2003), Three-dimensional magnetic field topology in a region of 
solar coronal heating, Nature, 425(6959), 692. 
Sonnerup, B. U. O. and L. J. Cahill, (1967), Magnetopause structure and attitude from 
explorer 12 Observations, Journal of Geophysical Research, 72, 171. 
  204 
 
 
 Bibliography 
Sonnerup, B. U. O. and M. Scheible, (1998), Minimum and maximum variance 
analysis, in Analysis methods for multi-spacecraft data, edited by G. Paschmann 
and P. W. Daly, pp. 185-220, 
Spreiter, J. R., A. L. Summers and A. Y. Alksne, (1966), hydromagnetic flow around 
the magnetosphere, Planetary and Space Science, 14, 223. 
St Cyr, O. C. et al., (2000), Properties of coronal mass ejections: SOHO LASCO 
observations from January 1996 to June 1998, J. Geophys. Res., 105(A8), 
18169. 
Thernisien, A., A. Vourlidas and R. A. Howard, (2009), Forward modeling of coronal 
mass ejections using STEREO/SECCHI data, Sol. Phys., 256(1-2), 111. 
Thernisien, A. F. R., R. A. Howard and A. Vourlidas, (2006), Modeling of flux rope 
coronal mass ejections, Astrophys. J., 652(1), 763. 
Thompson, W. T., (2006), Coordinate systems for solar image data 47, Astron. 
Astrophys., 449(2), 791. 
Tripathi, D. et al., (2006), Observation of a bright coronal downflow by SOHO/EIT 67, 
Astron. Astrophys., 449(1), 369. 
Van Ballegooijen, A. A. and P. C. H. Martens, (1989), Formation and Eruption of Solar 
Prominences, Astrophys. J., 343(2), 971. 
Vandas, M., S. Fischer and A. Geranios, (1991), Spherical and Cylindrical Models of 
Magnetized Plasma Clouds and Their Comparison with Spacecraft Data, 
Planetary and Space Science, 39(8), 1147. 
Vourlidas, A. and R. A. Howard, (2006), The proper treatment of coronal mass ejection 
brightness: A new methodology and implications for observations, Astrophys. J., 
642(2), 1216. 
Wang, Y. M. and N. R. Sheeley, (2006), Observations of flux rope formation in the 
outer corona, Astrophys. J., 650(2), 1172. 
Wang, Y. M., (2009), Coronal Holes and Open Magnetic Flux, Space Sci. Rev., 144(1-
4), 383. 
Wang, Y. R. et al., (1999), Streamer disconnection events observed with the LASCO 
coronagraph, Geophys. Res. Lett., 26(10), 1349. 
Watanabe, T. and R. Schwenn, (1989), Large-Scale Propagation Properties of 
Interplanetary Disturbances Revealed from IPS and Spacecraft Observations 43, 
Space Sci. Rev., 51 (1-2), 147. 
Webb, D. F. et al., (2009), Study of CME propagation in the inner heliosphere: SOHO 
LASCO, SMEI and STEREO HI observations of the January 2007 events, Sol. 
Phys., 256(1-2), 239. 
  205 
 
 
 Bibliography 
Wedemeyer-Bohm, S., A. Lagg and A. Nordlund, (2009), Coupling from the 
Photosphere to the Chromosphere and the Corona, Space Sci. Rev., 144(1-4), 
317. 
Williams, A. O. et al., (2009), Deriving solar transient characteristics from single 
spacecraft STEREO/HI elongation variations: a theoretical assessment of the 
technique, Ann. Geophys., 27(12), 4359. 
Wimmer-Schweingruber, R. F. et al., (2006), Understanding interplanetary coronal 
mass ejection signatures, Space Sci. Rev., 123(1-3), 177. 
Wood, B. E. et al., (2009), Comprehensive Observations of A Solar Minimum Coronal 
Mass Ejection with the Solar Terrestrial Relations Observatory, Astrophys. J., 
694(2), 707. 
Wood, B. E. et al., (2009), Reconstructing the 3D Morphology of the 17 May 2008 
CME, Sol. Phys., 259(1-2), 163. 
Yashiro, S. et al., (2004), A catalog of white light coronal mass ejections observed by 
the SOHO spacecraft 65, J. Geophys. Res., 109(A7). 
Zhang, J., (2005), A study on the acceleration of coronal mass ejections, Astron. 
Astrophys., 65. 
Zhang, T. L. et al., (2006), Magnetic field investigation of the Venus plasma 
environment: Expected new results from Venus Express, Planetary and Space 
Science, 54(13-14), 1336. 
Zurbuchen, T. H. and I. G. Richardson, (2006), In-situ solar wind and magnetic field 
signatures of interplanetary coronal mass ejections, Space Sci. Rev., 123(1-3), 
31. 
 
